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Kosmos 60 is today the most. 
y the most talked 
rnace black for reinforcing nat-— 
ir om oil and is’ 
is’ perfected: by United's 


Whatever your rubber problem may be 


There’s a Philblack’ to solve it..A,O, orE! 


The Philblacks come up with the _ sion resistance, flex life and stress- 
right answers to a lot of difficult strain qualities. 
questions! Philblack E is the right answer for 
Philblack A turns out smooth tub- - longer wearing tire treads! Use this 
ings at high speeds. This easy-mixing SAF black for outstanding abrasion 
MAF black improves appearance of _ resistance and excellent resistance to 
finished products, too. cut and crack growth. 
Philblack O reduces static electric- For full information, consult our 
ity. Used in tires, belts and hoses this technical sales representative or write 
HAF black also provides good abra- __ our nearest office. 


PHILLIPS CHEMICAL COMPANY 


PHILBLACK SALES DIVISION 


EVANS BUILDING - AKRON 8, OHIO 
PHILBLACK EXPORT SALES DIVISION 
80 BROADWAY, NEW YORK 5, N. Y. 
Phillips Philblack E, Philblack O and Philblack A 
are manufactured at Borger, Texas. 
Warehouses in Akron, Boston, Chicago and Trenton. 
West Coast agent: Harwick Standard Chemical Company, Los Angeles. 
Canadian agent: H. L. Blachford, Ltd., Montreal and Toronto. *A Trademark 


Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 
August 24, 1912. Acceptance for mailing at special rate of postage provided for in paragraph (d-2), 
Section 34.40, P. L. and R. of 1948, authorized September 25, 1940. 
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Witco’s new booklet on Fast Extrusion Furnace Blacks 


Comparison charts on performance of WITCO FEF. Blacks 
and competitive FEF Blacks in: natural rubber . . . regular 
. . low temperature GR-S. . . butyl .. . hycar... 
neoprene type GN ... neoprene type W. A valuable addition 
to your rubber library. 

Please use company stationery when requesting your copy. 


WITCO CHEMICAL COMPANY 


CONTINENTAL CARBON COMPANY 


260 Madison Avenue, New York 16, N.Y. 


AKRON + AMARILLO + LOS ANGELES « BOSTON + CHICAGO + HOUSTON 
CLEVELAND + SAN FRANCISCO + LONDON AND MANCHESTER, ENGLAND 
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| ULTRA ACCELERATOR ; 


SERIES 


“NON-DUSTING, 
FREE-FLOWING 
PELLETS 


SA 52-9 TETRAMETHYLTHIURAM DISULFIDE 

SA 62-9 TETRAETHYLTHIURAM DISULFIDE 

sA 57-9 ZINC DIMETHYLDITHIOCARBAMATE 

$A 67-9 ZINC DIETHYLDITHIOCARBAMATE 

77-9 ZINC DIBUTYLDITHIOCARBAMATE 
Use in mill and banbury mixed compounds for 
minimum dusting, easier handling and improved 
dispersions. 


Use in latex for both ball mill and colloid mill 
dispersions. 


SHARPLES CHEMICALS Inc 


A SUBSIDIA®) OF THE PENNS SALT MANUFACTURING COMPANY 


500 Fifth Ave., New York 80 Jackson Blvd., Chicago * 106 Main St. 
Martin, Hoyt & Milne Inc., San Francisco * Los Angeles * Seattle * Portland 
ShoWinigan Chemicals, Ltd. « M 
tet Airco Company International, 
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COATING AND PRINTING ROLLERS 
WITH OUTSTANDING SOLVENT RESISTANCE 
FROM /hcoho€’ SYNTHETIC RUBBER TYPE FA 


“Thiokol” Synthetic Rubber Type FA displays outstanding resistance to 

swelling in esters, ketones and aromatic solvents. As a result, it is widely 
used as the elastomer for lacquer, paint and printing rollers of superior 
uality. “Thiokol” FA rollers outlast many other types and retain their 
imensional stability throughout their long life. 


The following formulations illustrate several typical compounds used in 
the fabrication of rollers from “Thiokol” FA: 


LACQUER, PAINT AND PRINTING ROLLER RECIPES 
“Thiokol” FA Mb'': 115 115 115 115 
Neoprene Type W 30 30 30 30 (OPR MASTERBATON 
FE. L. Cal. Mag. 1.2 1.2 1,2 1. “Thiokol” FA 100 
Neozone D 0.5 0.5 0.5 0.5 BTDS« 0.4 
Stearic Acid 1 1 1 1 DPG 15 
NA-22 0.3 03 03 i 
Zinc Oxide 10 10 10 disulfide) 
SRF Black 2 25 60 Ss 
Circo. Light Process Oil 35 
Neophax A 30 


PHYSICAL PROPERTIES 


Cure, min/*F 50/298 
Shore A hardness a0 15 30 
Tensile strength, p.s.i. 250 
Elongation, % 

Volume Swell (30 days at 80°F), % ° 

SRG 

Methy! Ethyl Ketone 

Acetone 

Ethyl Acetate 


PROCESSING INFORMATION 


The “Thiokol” FA masterbatch is prepared by the following procedure: 
1. Place the “Thiokol” FA on a tight mill at approximately 160°F. 
2. Add the BTDS and DPG and mix until soft. 
3. Add the Neophax A and blend until thoroughly incorporated. 


Mix the final compound as follows: 

1. Break down the Neoprene W. on a cold mill. 

2. Add the “Thiokol” FA masterbatch, slowly at first. After approximately an 
equal amount of the FA masterbatch has been added to the Neoprene W, the 
remainder of the masterbatch can be incorporated as rapidly as desired. 

. Add all the dry powders. 
. Add the Neophax A and oil. 
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QUALITY PRODUCTS 


worth knowing and using 


PLIOVIC G80V — General-purpose, medium to high 

molecular weight polyvinyl chloride resin. 

Designed for low temperature processing (310-320F) 

Has excellent resistance to heat and light. Handles easily. 

Processes rapidly. Gives films of exceptional clarity and good 
general properties. 


PLIOVIC G90V—General-purpose, medium to high molecular 
weight polyvinyl chloride resin. Similar to PLiovic G80V, but 
designed for average to high temperature processing. Finished 
products have generally higher physical properties. 


PLIOVIC AO — High molecular weight copolymer resin of high 
vinyl chloride content. Particularly suited to use in organosols, 
plastisols and plastigels. 


High styrene copolymer resin for reinforcing 

rubber. Noted for finer, faster dispersions and 
outstanding properties imparted to rubber. Greatly 
increases hardness, stiffness, flex-life and tear strength. 
Exhibits low gravity, light color, excellent chemical resist- 
ance and electrical properties. 


we Tod Hi Oil-resistant rubbers of medium to high acryl- 
CHEMIGUM onitrile content. Unusually easy to process. 
u Exhibit optimum physical properties and excellent 
we resistance to oils, greases, solvents and chemicals. Per- 
mit the meeting of virtually any specification calling for 
oil-resistant rubber. 


Liquid, nonstaining antioxidant for natural and 

synthetic rubbers. Displays outstanding resist- 

ance to heat, sunlight and extraction by water. 

Offers best available balance of permanence, protec- 

tion, low cost and nonstaining, non-discoloring properties 
Available in several GR-S rubbers or in bulk. 


| GET MORE OUT OF YOUR PLANT— 
CHEMICAL PUT THESE PRODUCTS IN! 
Goop*yY E AR For full details and samples, write to: 
: Goodyear, Chemical Division, 
DIVISION Akron 16, Ohio 


Use-Proved Products - CHEMIGUM - PLIOBOND - PLIOLITE - PLIOVIC - WING-CHEMICALS — The Finest Chemicals for Industry 
Chemigum, Pliobond, Pliolite, Pliovic, Wing-Stay—T. M.'s The Goodyear Tire & Rubber Company, Akron, Ohio 
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THE HISTORY OF THE 
RUBBER INDUSTRY—NO. 2 


Answer: Seven years. 


It is reported that natives, in areas 
where tree rubber was first available, 
made the first shoes and shoe soles of 
natural rubber. Rubber-soled shoes 
are said to have been developed for 
use in this country around 1898, in 
Boston, where strips of rubber were 
nailed onto the shoes of firemen. 


By 1905, seven years later, rubber 
heels and rubber shoe soles were be- 
ing produced commercially in the 
United States. Monsanto Chemical 
Company was founded during this 
same period, in 1901, and has since 
become a leader in rubber chemicals 
research. 


Santocure, for example, is an effec- 
tive mercapto accelerator developed 
by Monsanto. It gives excellent 
results in natural, reclaimed and 
synthetic rubbers. Santocure is also 
exceptionally safe at processing tem- 
ratures but powerful at curing 
emperatures. For complete informa- 
tion write for booklet “Monsanto 
Chemicals for the Rubber Industry” 
or contact MONSANTO CHEMICAL COM- 
PANY, Rubber Chemical Sales, 920 
Brown Street, Akron 11, Ohio. 
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MONSANTO CHEMICALS FOR 
THE RUBBER INDUSTRY 


ANTIOXIDANTS 
Flectol* H 

Santofiex* B 
Santoflex BX 


Santowhite* Crystals 
Santowhite MK 
Santowhite L 


ALDEHYDE AMINE 
ACCELERATORS 
A-32 


A-100 
MERCAPTO 
ACCELERATORS 
Santocure* 
El-Sixty* 
Ureka* Base 


Mertax 
(Purified Thiotax) 
Thiotax (2-Mercapto 
benzothiazole) 
Thiofide* (2,2’ dithio- 
bis benzothiazole) 


GUANIDINE 

ACCELERATORS 

Diphenylguanidine 
(D. P. G.) 


Guantal* 

ULTRA ACCELERATORS 

FOR LATEX, ETC. 

R-2 Crystals 

Pip-Pip 

Thiurad* (Tetra- 
methylthiuram 
disulfide) 

Ethyl Thiurad 
(Tetraethylthiuram 
disulfide) 

Mono Thiurad (Tetra- 
methylthiuram 
monosulfide) 


Methasan* (Zinc salt 


of dimethy] dithio- 
carbamic acid) 
Ethasan* (Zinc salt 
of diethyl dithio- 
carbamic acid) 
Butasan* (Zinc salt 
of dibutyl dithio- 
carbamic acid) 


WETTING AGENTS 
AND DETERGENTS 
Areskap* 50 
Aresklene* 375 
Santomerse* S 
Santomerse D 


SPECIAL MATERIALS 

Thiocarbanilide 
“A-1") 

Santovar*-A 

Santovar-O 

Sulfasan R 

Insoluble Sulfur ‘60” 

Retarder ASA 

COLORS 

REODORANTS 


*Reg. U.S. Pat. Off. 
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As gas supplies run away to pipe lines from exist- 
ing channel black plants, costly shortages must 
eventually occur. 


As a user of carbon black you can depend on a 
continuing supply of TEXAS CHANNEL BLACKS 
from the Sid Richardson Carbon Co. The world’s 
largest channel black plant and our own available, 
nearby resources assure your present and your 
future requirements. 


Sid Richardson 


AR BON c 


FORT WORTH, TEXAS 


GENERAL SALES OFFICES 
EVANS SAVINGS AND LOAM BUILDING 
AKRON 6, OHIO 
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AS A 
QUALITY 
ECONOMICAL RESIN 
IN RUBBER COMPOUNDING 


PANAREZ hydrocarbon resins are effective and inexpensive for 
rubber compounding. They have low specific gravity - Low odor 
- Show no effect on cure - There is a marked improvement in 
processing - Longer flex life - Greater abrasion resistance - 
Better color stability - Electrical characteristics are excellent. 
Prompt shipments made in carload or single drum quantities. 
Write for samples. 


Color Softening Specific 
Gardner Point, °F Gravity 


PANAREZ 3-210 9 200-220 1.049 


PANAREZ 6-210 W 200-220 1.106 
PANAREZ 12-210 16 200-220 1.054 


ll PAN AMERICAN 


PAN AMERICAN DIVISION 
Pan American Refining Corp. 


122 EAST STREET + NEW YORK 17, N. Y¥. 
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CABOT 
CARBON BLACKS 


GODFREY L. CABOT, 


77 FRANKLIN STREET, BOSTON 10, 
518 OHIO BUILDING, AKRON 8, OH! 
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NATURAL GASOLINE 


ANNOUNCING... 


AKROFLEX 


DU PONT’S NEWEST 
FLEX-RESISTING ANTI-OXIDANT 


Ask your Du Pont technical 
sales representative for his 
help in solving your processing 

problems. He’s part of a 
team of specialists that’s hard 

to beat. Working with the 
sales representative on cus- 

tomer service is an experi- 
enced staff of rubber chemists 

and engineers . . . backed by 
Du Pont’s outstanding research 
facilities. 


free-flowing... 
even at 

high summer 
temperatures 


You can eliminate warm-weather cak- 
ing—characteristic of Akroflex C—by 
switching to Akroflex CD. This new 
flex-resisting anti-oxidant has all the 
advantages of Akroflex C plus excellent 
storage stability at temperatures up to 
160°F. It is recommended for replace- 
ment of either Akroflex C or Akroflex F 
(at no increase in cost!). 

Change to Akroflex CD now and |. .4 
you'll avoid hot-weather caking prob- 
lems this summer. 4 


Write or phone our nearest district office for further information. 


DU PONT RUBBER CHEMICALS 


Akron 8, Ohio, 40 E. Buchtel Ave. Hemlock 3161 
Atienta, Ge., 1261 Spring St, N.W......... Emerson 5391 
Boston 5, Mass., 


Los Angeles 1, Cal., 845 E. 60th St... 
New York 13, N.Y., 40 Worth St... Cortiandt 7-3966 6. pat. OFF 
Wilmington 98, Del., 1007 Market St... Wilmington 4.5121 BETTER THINGS FOR BETTER LIVING... THROUGH CHEMISTRY 
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chemicals for 
the rubber industry 


ACCELERATORS 
Thiazole 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined—Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 Accelerator 


Guanidine 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 


ANTIOXIDANT 


Antioxidant 2246* 
(Non-staining, non-discoloring type) 


PEPTIZER 
Pepton® 22 Plasticizer 


RETARDER 
Calco Retarder P.D. 


STIFFENING AGENT 
Calco S.A. 


SULFUR 
Rubber Makers’ Grade 


*Trade-mark 


® 
AMERICAN Cyanamid COMPANY 


CALCO CHEMICAL DIVISION 
INTERMEDIATE & RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY, U.S.A. 


SALES REPRESENTATIVES AND WAREHOUSE STOCKS: Akron Chemical Company, 
Akron, Ohio « Ernest Jacoby and Company, Boston, Mass. « Herron & Meyer of 
Chicago, Chicago, Ill. H. M. Royal, Inc., Los Angeles, Calif. H.M. Royal, Inc., 
Trenton, N.J. * In Canada: St. Lawrence Chemical Company, Ltd., Montreal and Toronto 
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PROCESSING 


Start the New Year Right 


BY CALLING ON NAUGATUCK CHEMICAL 


TO PROCESS—ACCELERATE—PROTECT 


al 


YOUR RUBBER PRODUCTS 


LAUREX, activator BWH-1, plasticizer 
Kralac A, high styrene resin ESEN, retarder 


ACCELERATING - MBTS OXAF 


PROTECTING 


THIURAMS—MONEX + TUEX + PENTEX 
DITHIOCARBAMATES—ARAZATE « BUTAZATE ETHAZATE METHAZATE 
ALDEHYDE AMINES—BEUTENE + HEPTEEN BASE + TRIMENE BASE 
XANTHATES—CPB + ZBX 

SPECIAL ACTIVATORS—DBA + GMF + VULKLOR + DIBENZO GMF 


ANTIOXIDANTS 
AMINOX + ARANOX + BLE-25 + FLEXAMINE + BETANOX SPECIAL 


NEW! CELOGEN—Blowing Agent For Rubber and Plastics 
Naugatuck Chemical 
ion of United States Rubber ny 


wavcatuce,  CONMECTICUT 
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THE NEVILLE COMPANY © PITTSBURGH 25, PA. 


Plants at Neville Island, Pa., and Anaheim, Cal. 
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FOR REAL 
VERSATILITY 


KOPPERS RESORCINOL 


@ Koppers Resorcinol is a water sol- 
uble, crystalline, dihydric phenol. 
Possessed of very high reactivity, it 
undergoes most of the typical reac- 
tions of phenols including nitration, 
alkylation, condensation, etherifica- 
tion, and oxidation. 

Resorcinol is used extensively in the 
preparation of room-temperature-set- 
ting resorcinol formaldehyde resin 
adhesives for the bonding of reinforc- 
ing fibers to synthetic and natural 


To show you the 
wide variety of im- 
portant uses to 
which Resorcinol is 
admirably fitted, 
Koppers has pre- 
pared an interesting 
illustrated booklet. 
To obtain your 
copy, just fill out and 
return the coupon. 


KOPPERS 


rubber. Industrial belting, hose, and 
tires are among the many products 
made stronger by resorcinol-based re- 
sin adhesives. These adhesives have 
found wide application also in wood 
bonding where waterproofing and 
permanence are mandatory. In addi- 
tion, Koppers Resorcinol is used in 
the production of dyestuffs, pharma- 
ceuticals, textile and leather chemi- 
cals, explosives, and plasticizers. 
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Koppers Company, Inc., RCT-63 
Pittsburgh 19, Pa. 


Please send me your Resorcinol Booklet. 


WY Ze KOPPERS COMPANY, INC. 


Chemical Division, Dept. RCT-63, Pittsburgh 19, Pennsylvania 
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Investigate the outstanding properties of 


(CHLOROSULFONATED POLYETHYLENE) 


the new synthetic rubber made by Du Pont 


PROPERTIES OF 
“HYPALON” VULCANIZATES 


Complete Ozone-Resistance 
Excellent Abrasion Resistance 
Excellent Weather-Resistance 


Good Heat Resistance — Suit- 
able for continuous service up 
to 250° F. intermittent 
service at higher temperatures. 
Excellent Chemical-Resistance 
Unlimited Color Possibilities. 
Does not require carbon black 
to achieve maximum physical 
properties. 

Excellent Flex-Life 


“HypaLon” is a new ethyl- 
enic polymer offering interesting 
possibilities as a basic elastomer and 
in blends with other elastomers. Fea- 
turing an outstanding combination 
of properties, “HypaLon” shows 
considerable promise for such appli- 
cations as mechanical goods, foot- 
wear, wire jacketing, protective 
coatings, floor coverings, tire side- 
walls, weather stripping, acid hose 
and tank linings. 

“HypaLon” can be vulcanized 
with a combination of metal oxides, 
sulfur-type accelerators and organic 


acids . . . exhibits excellent proper- 
ties in most cases without need for 
anti-oxidants ... and can be readily 
modified with fillers and plasticizers. 
In addition, this new polymer can 
be milled, extruded, calendered and 
molded using conventional process- 
ing techniques and can be cured by 
the oven, steam or press methods. 


FOR MORE INFORMATION on 
“Hypaton” chlorosulfonated poly- 
ethylene—properties, uses, process- 
ing methods, suggested formula- 
tions, etc.—write to: E. 1. du Pont 
de Nemours & Co. (Inc.), Polychemi- 
cals Department, Wilmington 98, 


Delaware. 
*REG. U. S. PAT. OFF. 


REG. U.S. pat. OFF 


BETTER THINGS FOR BETTER LIVING 
+++ THROUGH CHEMISTRY 


Polychemicals 


DEPARTMENT 


PLASTICS © CHEMICALS 
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IDEAL FOR ALL STOCKS. Besides 
costing less than any of the five process 
aids it replaced, and its other advantages, 
Sundex-53 mixes easily with natural, 
GR-S and reclaim stocks. Here it is shown 


being added to a batch of heel stock. 


QUICKER, MORE THOROUGH PLAS- 
TICIZATION. By using Sundex-53 only, 
the company now produces a more 
uniform finished product. Quality heels 
will be blanked out of the stock leaving 
this warm-up mill and entering the cutter. 


SINGLE GRADE OF SUNDEX 


REPLACES 5 PROCESS AIDS 


Some years ago, as an economy 
step, the Beebe Rubber Com- 
pany, Nashua, N.H., tried to 
reduce the number of process 
aids it used. Five different types 
were being employed in the proc- 
essing of natural, GR-S and 
reclaim stock for heels, soles 
and soling slabs. 

A Sun representative who had 
been called in recommended 
replacing all five process aids 
with Sundex-53 and the com- 
vany took his advice. This one 
‘general purpose” rubber-proc- 
ess aid has more than just sim- 
plified inventories and purchas- 


ing; it has proved advantageous 
in other respects besides. Because 
of the way it is refined, it works 
as well with light colored stock 
as with dark. it quickly breaks 
down reclaims and does not 
overprocess natural rubber and 
GR-S polymers. It costs less than 
the process aids it replaced, and 
has eliminated the potential dan- 
ger of mixing errors. 

For complete information on 
Sun Rubber-Process Aids, call 
the nearest Sun Office or write 
to Dept. RC-1 for the booklet 
“Processing Natural Rubber 
and Synthetic Polymers.” 


SUN INDUSTRIAL PRODUCTS P 


SUN GIL COMPANY, PHILADELPHIA 3, PA. © SUN GIL COMPANY, LTD., TORONTO & MONTREAL 


16 


a4 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


VOLUME XXVI NUMBER 2 


April-June, 1953 


Published under the Auspices of the 


DIVISION OF RUBBER CHEMISTRY 
of the 
AMERICAN CHEMICAL SOCIETY 


CARBON BLACKS 


for RUBBER COMPOUNDING 


SAF (Super Abrasion Furnace) 


STATEX-125 


HAF (High i Furnace) 
STATEX-R 


MPC (Medium Channel) 
STANDARD MICRONEX 


EPC (Easy Channel) 
MICRONEX W-6 


FF (Fine Furnace) 
STATEX-B 


BER (Fast Extruding Furnace) 
STATEX-M 


HMF (High Modulus Furnace) 
STATEX-93 


SRF (Semi-Reinforcing Furnace) 
FURNEX 


+ COLUMBIAN COLLOIDS - 
COLUMBIAN CARBON CO. © BINNEY & SMITH CO. 


MANUFACTURER DISTRIBUTOR 


we” 


TONS OF 


18 
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RUBBER CHEMISTRY AND TECHNOLOGY 


Ruspsperk CHEMISTRY AND TECHNOLOGY is published quarterly under the 
supervision of the Editor representing the Division of Rubber Chemistry of the 
American Chemical Society. The object of the publication is to render avail- 
able in convenient form under one cover all important and permanently valu- 
able papers on fundamental research, technical developments, and chemical 
engineering problems relating to rubber or its allied substances. 


RuBBER CHEMISTRY AND TECHNOLOGY may be obtained in one of three ways: 


(1) Any member of the American Chemical Society may become a member 
of the Division of Rubber Chemistry by payment of the dues ($4.00 per year) 
to the Division and thus receive RuBBER CHEMISTRY AND TECHNOLOGY. 


(2) Anyone who is not a member of the American Chemical Society may 
become an Associate of the Division of Rubber Chemistry upon payment of 
$6.50 per year to the Treasurer of the Division of Rubber Chemistry, and thus 
receive RUBBER CHEMISTRY AND TECHNOLOGY. 


(3) Companies and libraries may subscribe to RuBBER CHEMISTRY AND 
TrcHNOLoGy at the subscription price of $7.50 per year. 


To these charges of $4.00 and $7.50, respectively, per year, postage of $.20 
per year must be added for subscribers in Canada, and $.50 per year for those 
in all other countries not United States possessions. 

All applications to become Members or Associates of the Division of Rubber 
Chemistry with the privilege of receiving this publication, all correspondence 
about subscriptions, back numbers, changes of address, missing numbers, and 
all other information or questions should be directed to the Treasurer of the 
Division of Rubber Chemistry, A. W. Oakleaf, Phillips Chemical Co., 605 Evans 
Building, Akron 8, Ohio. 

Articles, including translations and their illustrations, may be reprinted if 
due credit is given RuBpBeER CHEMISTRY AND TECHNOLOGY. 
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Chairman....R. M. Marston, Jr. (Binney & Smith Co., Akron). Secretary 
....V. L. Perersen (Goodyear Tire & Rubber Co., Akron). Treasurer.... 
F. W. Gace (Columbia-Southern Chemical Corp., Akron). (Terms expire 
September 1953.) 


Boston 
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Indiana). Vice-Chairman....C. CouGuitu, Jr. (Auburn Rubber Co., Auburn, 
Indiana). Secretary-Treasurer....JacK Caruson (Paranite Wire Co., Fort 
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Los ANGELES 


Chairman....D. C. Mappy (Harwick-Standard Chemical Co., Los Angeles 
21). Assoc. Chairman....L. E. Bupnick (Ohio Rubber Co. of Calif., Long 
Beach). Vice-Chairman....F. C. Jounston (Caram Mfg. Co., Monrovia). 
Secretary....Cart Hoaitunp (R. D. Abbott Co., Los Angeles 22). Treas- 
urer....Roy N. PHELAN (Atlas Sponge Rubber Co., Los Angeles). (Terms 
expire January 1, 1954.) 

New York 


Chairman....G. N. Vacca (Bell Telephone Laboratories, Murray Hill, 
N. J.). Vice-Chairman....JoserpH Breckiey (Titanium Pigment Corp., 
New York). Secretary-Treasurer....B. B. Witson (India Rubber World, 
New York). (Terms expire December 31, 1953.) 


NORTHERN CALIFORNIA 
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Secretary .... Hausey C. Burke (Burke Rubber Co., San Jose). Treasurer.... 
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Chairman....Roy G. Votkman (U. S. Rubber Co., Providence). Vice- 
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tary-Treasurer....UrBAN J. H. (Crescent Co., Pawtucket). (Terms 
expire at fall meeting 1953.) 
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Chairman....GeorGeE E. Lana (Johnson Rubber Co., Middlefield). 
Vice-Chairman....Stewart L. Brams (Dayton Chemical Products Lab- 
oratories, Inc.). Secretary....Russeuti J. Hoskin (Inland Mfg. Div., G. M. 
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NEW BOOKS AND OTHER PUBLICATIONS 


DIRECTORY OF THE INTERNATIONAL RuBBER INDUSTRY. Publishers, Verlag 
fiir Wissenschaftsliteratur, G.m.b.H., Ziirich, Switzerland. Cloth, about 6} 
by 9 inches, 416 pages. Price $12. [U. 8. representative, Swiss American 
Advertising Co., 1910 Marmion Ave., New York 60, N. Y.}—The object of this 
directory is a complete review of the rubber industry throughout the world for 
interested buyers and producers. The publisher has accordingly supplied 
available names of rubber goods manufacturers in Europe, North, Central, and 
South America, Africa, Asia, Australia, and New Zealand, arranging the names 
in the alphabetical order of the countries in each continent and according to the 
alphabetical order of the cities in which firms are located. In view of the limits 
imposed by the extent of the undertaking, only manufacturers of rubber goods 
and manufacturers of synthetic rubber have been listed. On the other hand, 
addresses of rubber educational and research institutes, trade associations, and 
trade papers are given, and there are a list of suppliers to the trade and an ad- 
vertisers’ index. 

Details regarding the main products of the companies, their branches, brand 
names, and frequently the number of employes are given, with the addresses, in 
the national language if this is English, French, or German. Otherwise German 
and English or English and French are used. However, the information is 
made accessible to anyone knowing at least one of these languages by the 
provision of three-language vocabularies. 

We note with interest the complete absence of Soviet Russia among the 
countries included ; the satellites, Hungary, Rumania, and Czechoslovakia, are 
represented only by their respective sole national importing and exporting or- 
ganizations. The Polish list, however, includes most of the well-known prewar 
names: Pe-pe-ge, Gentlemen, Wolbrom, Stomil; about two dozen names are 
found under eastern Germany, or German Democratic Republic, as it is here 
called. 

Even a cursory glance through the directory reveals interesting facts. 
Finland is there with three factories making tires, the largest employing 3000 
persons. Rubber footwear is an important item there, and one footwear con- 
cern employs just over 600 persons. Footwear, heels, and soles are also promi- 
nent in Turkey, which appears with several factories having 150 workers and 
more, two have more than 1000 employes. Names of rubber manufacturers in 
Japan and India cover eight and ten pages, respectively ; Java is a surprise with 
about 50 names; several firms employing 200 persons and more, mostly special- 
izing in mechanical goods and footwear. 

Even the little island of Madeira, off the North West Coast of Africa, ap- 
pears with one factory making tubes and hose, tiles, mats, and flooring. [From 
the India Rubber World.) 


Rupper Trapt Direcrory oF Great Brivain: 1952-53. Published by 
Maclaren & Son, Ltd., Stafford House, Norfolk St., London W.C. 2, England. 
63 X 91 in. 856 pp. £3.30 ($9.00 in the United States and Canada).— 
Larger by 104 pages than the previous edition, which was the first to be issued, 
this latest edition of ‘The Blue Book of the British Rubber Industry” has been 
completely revised, and some additional information has been added. Alpha- 
betically arranged throughout, it provides ready answers to practically all 
everyday queries about every section and every aspect of the British rubber 
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manufacturing industry. There are 16 separate sections in which are listed 
rubber manufacturers and their products, suppliers of rubber machinery and 
equipment, suppliers of chemicals and compounding ingredients, dealers in raw 
and scrap rubber, trade and research organizations, trade marks and brand 
names, rubber technology schools and courses, technical consultants, etc. 
There is also a Who’s Who Section covering personnel in the British rubber 
industry, which runs to 108 pages. A list of overseas agents and offices is 
supplied in an appendix. For the convenience of the user, both the contents 
and the index are published in English, French, German and Spanish. [From 
The Rubber Age of New York. ] 


STANDARDS ON RUBBER Propucts (WITH RELATED INFORMATION). Pub- 
lished by the American Society for Testing Materials, 1916 Race St., Philadel- 
phia 3, Penna. 6 X 9in. 860 pp. $5.00.—Prepared by ASTM Committee 
D-11 on Rubber and Rubberlike Materials, the newest edition of this compila- 
tion includes, in their latest form, 104 widely used ASTM standards, ineluding 
67 test methods; 30 specifications; 4 lists of definitions relating to methods of 
testing, specific gravity, rheological properties of matter, and procedures relating 
to conditioning and weathering; 2 tentative recommended practices—one for 
low-temperature tests of rubber, the other for automotive and aeronautical 
rubber; and one recommended practice to be used for designating significant 
places in specified limiting values. The following list of materials and subjects 
covered by standard tests and specifications will give some idea of the contents: 
Processiblity tests; chemical tests of vulcanized rubber; physical tests of vul- 
canized rubber; aging and weathering tests of rubber; low-temperature tests of 
rubber; automotive and aeronautical rubber; gasket materials; hose and belt- 


ing; tape; electrical protective equipment; rubber-coated fabrics; insulated 
wire and cable; hard rubber; latex foam, sponge and expanded cellular rubber ; 
rubber adhesives; rubber latex; packing materials; ete. [From The Rubber 
Age of New York. ] 


Pnreumatic Tire Design. By Woods. Published by the Institution 
of the Rubber Industry, 12 Whitehall, London S.W. 1, England. 6 X 8} in. 
96 pp. 21s (approximately $3.00).—Some time ago the Council of the Institu- 
tion of the Rubber Industry agreed to sponsor the publication of occasional 
monographs on suitable subjects of importance in connection with rubber sei- 
ence and technology, thus enabling the society to give fuller treatment to some 
subjects than is often possible in the Transactions. It is appropriate that this 
first monograph be devoted to a subject of fundamental interest in connection 
with one of rubber’s major applications, 7.¢., the tire. 

As indicated by its title, this first monograph is devoted to pneumatic tire 
design, and it traces the development of such design since a patent specification 
describing the application of a hollow inflatable tube to the periphery of a road 
wheel was filed in 1845 by R. W. Thomson. After first treating with the early 
history of tire design, the monograph covers tread design, mold design, cord 
angles, layout, ply widths, and building specifications in that order. There 
are two appendexes, one devoted to the calculation of design charts and the 
other to an extensive bibliography. An index is included. 

Two additional monographs are in preparation and should be available in 
the near future. These are ‘‘Calendering”’, by H. Willshaw, and ‘Aging and 
Weathering”, by J. M. Buist. [From The Rubber Age of New York. ] 
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ADHESION AND ApuEsives. Edited by N. A. De Bruyne and R. Houwink. 
Printed in the Netherlands. Distributed by Elsevier Press, Inc., 402 Lovett 
Blvd., Houston, Texas. 6} X 9} in. 518 pp. $10.00.—Representing the 
work of a number of outstanding specialists, this book collects in one volume 
comprehensive information about the scientific and technological aspects of 
adhesion. To secure a degree of uniformity, the editors first arranged for the 
more theoretical part to be written, and then circulated it to the authors of the 
technological section. The result indicates that the solution of the practical 
problem of adhesion need not be on entirely empirical lines. 

The book has nine chapters, devoted to the following subjects: (1) General 
Conditions for Wetting and for Adhesion; (2) Molecular Forces; (3) Rheology 
of Adhesives; (4) Static Problems; (5) Organic Adhesives; (6) Inorganic 
Adhesives and Cements; (7) Rubbery Adhesives; (8) Adhesion in Soldered 
Joints; (9) Physical Testing of Adhesion and Adhesives. The list of contribu- 
tors is impressive, including A. J. Staverman, J. Hoekstra, Earl D. Cornwell, 
William M. Lee, John H. Wills, G. Salomon, and W. R. Lewis. Specific 
chapters were also contributed by the co-editors. Author and subject indexes 
are included. [From The Rubber Age of New York. ] 


ELectricaAL ENGINEERING PROBLEMS IN THE RUBBER AND PLASTICS 
Inpustries. Published by the American Institute of Electrical Engineers, 
33 West 39th St. New York 18, N. Y. 84 X 10 in. 216 pp. $3.50.—The 
Third Annual Conference of the AIEE Subcommittee on Rubber and Plastics 
Industries was held in Akron, Ohio, on May 5, 1950, and the Fourth Annual 
Conference on April 28, 1952. These conferences consisted of one-day meet- 
ings, with 9 papers and 8 prepared discussions presented at the Third Conference 
and 8 papers and 2 prepared discussion presented at the Fourth Conference. 
All 17 papers and the 10 prepared discussions are included in this booklet, which 
also includes extemporaneous discussion of almost every paper. 

Titles of the 17 papers presented were: (1) Electric Drives for Calender 
Auxiliaries; (2) Lighting for Rubber and Plastics Plants; (3) Choice of Motor 
Speeds for Rubber Mill Room Service; (4) Recent Developments in Process 
Sequence Control; (5) The Role of Electronics in the Rubber and Plastics In- 
dustries; (6) Industrial Communication and Paging; (7) Recent Develop- 
ments in Process Sequence Timing; (8) Electrostatic Casualties in the Rubber 
and Plastics Industries; (9) Control for a 4-Roll Z-Type Calender Train; 
(10) Design and Application of Electronic Control for the Rubber Industry; 
(11) Experience with Mercury Arc Rectifiers in the Tire Plant; (12) Ignitron 
Rectifiers Used for Industrial Power Supply; (13) 300 KW Hewittiec Rectifier; 
(14) Application of the Beta Gauge to Calendering Processes; (15) Adjustable 
Voltage DC Drives for Rubber and Plastics Plants; (16) Adjustable Voltage 
Drive Utilizing Magnetic Amplifier Control; (17) The New Safety Code for 
Mills and Calenders in the Rubber Industry. [From The Rubber Age of New 
York. ] 


TextTILE CHEMICALS AND AUXILIARIES. Edited by Henry C. Speel. Rein- 
hold Publishing Corp., 330 W. 42nd St., New York 18, N. Y. Cloth, 6 x 9 
inches, 498 pages. Price, $10.—Written on a practical level by 29 specialists 
and edited by a textile consultant, this volume will be of value to all concerned 
with the application of chemicals or auxiliaries to textiles. A textbook rather 
than a directory, the book is actually concerned with textile chemistry and 
technology and presents a concise coverage of the field. 
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The text is divided into two parts, the first of which consists of seven chap- 
ters covering the physical and chemical nature of fibers; preparation of fibers 
and fabrics; chemical aspects of textile dyeing and printing; technology of pig- 
ment application ; textile finishing ; fabric stabilization ; and coated fabrics. 

The second part is concerned with the raw materials in fabric processing, 
and comprises 16 chapters covering water ; fats, oils, and waxes; starches, gums, 
and glues; solvents and other organic chemicals; surfactants; soap; sulfated 
oils and fats; anionic surfactants; nonionic condensates; cationic finishing 
agents; synthetic resins; cellulose finishes; water-resistant treatments; flame- 
proofing ; mothproofing ; and miscellaneous auxiliaries. Of special value to the 
laboratory worker are the comprehensive bibliographies appended to each 
chapter. Both subject and author indexes are included in the book. [From 
the India Rubber World.]} 


TrECHNICAL Data ON Piastics. October, 1952. Manufacturing Chemists’ 
Association, Inc., 246 Woodward Bldg., Washington 5, D. C. Cloth, 83 x 11 
inches, 190 pages. Price, $2.50.—This fourth edition of a book that has become 
a standard reference text provides revised and up-to-date information on the 
properties of all commercially available plastics. The book covers 24 types of 
plastic materials, three more than the preceding edition, and also contains two 
new sections dealing with plastic foams and thin films. The materials for which 
data are published for the first time are the alkyd molding compounds, silicone 
molding compounds, and the epoxy resins. As in previous editions, each sec- 
tion dealing with a specific class of plastics begins with a description of general 
characteristics and then presents tabular and graphical data on fabrication, 
durability, and electrical, mechanical, chemical, and miscellaneous properties. 
A bibliography, including addresses of publishers, and a subject index are ap- 
pended to the volume. [From the India Rubber World.] 


Hanpsook oF Cuemistry. (8th Edition.) Compiled and edited by 
N. A. Lange. Published by Handbook Publishers, Inc., Sandusky, Ohio. 
53 X 7} in. 2014 pp. $7.00.—The latest edition of this valuable handbook 
continues to uphold the publisher’s claim that it is ‘a reference volume for all 
requiring ready access to chemical and physical data used in laboratory work 
and manufacturing”. A thorough revision has been made of practically all 
material standing from the preceding seventh edition, including hundreds of 
changes of numerical values scattered throughout the work, as well as the ex- 
tension and rewriting of some 26 tables. As usual, the handbook is divided into 
three major sections, as follows: (1) Life and Fire Hazards; (2) Chemical and 
Physical Properties of Classified Substances; (3) Miscellaneous Tables of Speci- 
fic Properties. New tables in the current edition include ionization potentials 
of the elements, classification of clay minerals, glossary of inorganic chemical 
nomenclature, titrimetric indicators, and density of moist air. [From The 
Rubber Age of New York. ] 
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INTERNATIONAL STANDARDIZATION* 


S. A. BRAZIER 


Duntop Ruspser Co., Lrp., MANCHESTER, ENGLAND 


INTRODUCTION 


This paper is an outline of work being done by an international committee, 
working under the International Organization for Standardization, which is 
attempting to reach world-wide agreement on methods of testing rubber prod- 
ucts, and also to define the meaning of certain terms not always used in differ- 
ent countries in the same way; all of which is intended to lead to a consideration 
of the possibility at some future date of creating internationally accepted stand- 
ards for some of the most important rubber products. 

Although at first sight international agreement on some of these points may 
appear to be a matter of relative unimportance, or at any rate not of dominant 
interest to ordinary members of the rubber industry, it is hoped, as the paper 
proceeds, to draw attention to some of the extremely important discoveries 
which have been made during this work. Methods of test which have been 
used for at least twenty years and were considered to be above suspicion, have 
been found on investigation to be lacking in sufficient accuracy and also to be 
incapable of being carried out in different test laboratories without most 
severe divergence in the numerical value of the results obtained. When such 
discrepancies have been discovered, cooperative investigations have been un- 
dertaken with a view to eliminating the factors or conditions producing this 
lack of accord, and in a considerable number of cases a test procedure has been 
finally developed which can give test values within the boundaries of normal 
variations even when carried out in widely separated laboratories. When this 
position is reached, the test procedure in question is recommended through the 
I.8.0. for international adoption. 


AN EXAMPLE OF STANDARDIZATION—TESTING OF BELTING FABRICS 


An example, probably familiar to many, will now be used to illustrate the 
importance that such work may have for a British rubber manufacturer. Our 
standard of living is now very much determined by the value of our exports in 
relation to our imports. Large conveyor installations are being planned in vari- 
ous parts of the world to facilitate the mining or quarrying of many of the vitally 
important ores from which essential raw materials are produced. To obtain an 
order for any conveyor belting required, British manufacturers are often called 
upon to quote to a specification based on earlier American practice. The tensile 
strength of the cover rubber and the methods of measuring adhesion in such a 
‘ase are based on ASTM procedure, while the method of determining the tensile 
strength of the fabrie used is that popularly known as the ‘grab test”. It will 
be of interest to see how this would work out in actual practice. 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 28, No. 5, pages 225-248 
October 1952. 
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Belting ducks are of unique design and outside the normal run of other 
textile fabrics, and because of their construction they present a real testing prob- 
lem. Two methods are standardized at the moment, the ravelled strip test, as 
used in the U.K., and the grab test, as used in the U.S.A. and Canada. When 
raw fabric is used for the test, however, neither of these methods gives results 
agreeing numerically with the warp tensile strength, calculated from the single 
thread strength, the former giving relatively low figures and the latter figures 
indicating strengths which are somewhat too high. A method which does 
actually give values approximating to that of the aggregate single thread 
strength (obtained by multiplying the single thread strength by the number of 
ends per inch) is the Adagrab method devised by Lord', but the point of im- 
portance is that three methods are available and as will be seen from the figures 
summarized in Tables 1 (a), (6), (c), and (d), very different values can be ob- 
tained for the strength of the fabric according to the method chosen. 

It will be seen, for example, from Table 1(b) that the Adagrab test and the 
ravelled strip test on material taken from the vulcanized belt are the only ones 
which give any close agreement with the aggregate single-thread strength for 
all types and weight of belting duck. It should be noted, however, that the 
ravelled strip method is suitable for testing the fabric as it is removed from the 
belt, because the component threads are bonded together with the vulcanized 
rubber, and do not splay out under tension. It should be also emphasized that 


TABLE | (a) 


COMPARISON OF TENSILE STRENGTHS OF Raw AND PRocESSED BELTING Ducks 
OBTAINED BY VARIOUS METHODS 


T.S. lbs./1 inch by test method 


(1) (2) (3) (4) 
1 in. 1 in. 
ravelled ravelled 
strip strip 
raw Grab proc- 
Type of duck raw essed 


31 oz. hard 328 655 430 
32 oz. soft 388 : 569 463 
334 oz. hard 333 756 ‘ 502 
42 oz. 472 847 575 
48 oz. 479 ¢ over 1,000* 687 


(1) B.S. 1069: 1942 method. 

(2) Described by Lord}. 

(3) ASTM Grab method. 

(4) Aggregate single thread strength. 
(5) B.S. 490 (1951) Appendix D. 


* The actual strength was outside the capacity of the machine, which was only 1,000 Ibs. 


TABLE 1 (b) 


TENSILE StrReENGTH Ratio oF Various METHODS TO THE ASTS 


1 in. 
1 in. ravelled 
ravelled 
strip Adagrab 


31 oz. hard 
32 oz. soft 
334 oz. hard 
42 oz. 

48 oz. 


o raw raw raw essed 
ze 0.79 1.01 1.57 1.03 
e 0.87 0.99 1.28 1.04 
; 0.69 0.95 1.56 1.04 
0.82 1.00 1.47 1.00 
0.70 1.00 1.00 
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TABLE 1 (c) 
TENSILE STRENGTH Ratio oF RAVELLED Strip To ASTM Gras Metuop 


Raw Processed 


31 oz. hard 0.500 0.656 
32 oz. soft 0.682 0.812 
334 oz. hard 0.440 0.665 
42 oz. 0.557 0.680 


TABLE 1 (d) 


COMPARISON OF WarRP TENSILE STRENGTHS OF Raw Hose Ducks OBTAINED 
BY Various Mretuops 


Warp Tensile Strength Ibs. /1 in. 


1 in. 
2 in. 

Fabric ASTS strip RS. Grab Adagrab 
xX 84 73 152 104 83 
4 157 140 285 193 151 

240 214 417 296 233 


Ratio to ASTS 


1 0.87 0.91 1.24 0.99 
1 0.89 0.91 1.26 0.96 
1 0.894 0.87 1.23 0.97 


Note.—The test-pieces prepared for the Adagrab test had only 3 extra free threads at either side in 
place of 4 as used for belting fabric. 


Fabrics. X Hose duck 7 oz./sq.yd. B.S.8. 1103 Part 1. 
Y Hose duck 14 o2./sq.yd. B.S8.S. 1103 Part 7. 
Z Hose duck 18 0z./sq.yd. B.S.8. 1103 Part 8. 


Z 


the Adagrab test has been designed solely for testing the warp direction of 
belting ducks and similar fabrics, where it is essential to know the contribution 
that will be made by the unit width of each play of fabric in the belt. 

It will be seen from the table that the 2-inch ravelled strip method of test is 
satisfactory for relatively square woven fabrics and for other fabrics where 
there is not a big difference in the crimp of the warp and weft yarns, and that it 
gives figures uniformly approximating to ASTS. The particulars given in 
Table 1(d) illustrate these points, and also show the considerable appreciation 
in the strength figures obtained when the Grab Test is used. 

The warp tensile strength of a fabric forms the basis for calculating the 
number of plies of belting duck required for any specified working conditions, 
and the difficulty in getting uniform practice when different methods are em- 
ployed for assessing this value will be obvious. It must be appreciated, how- 
ever, that what applies to belting ducks does not apply to other industrial 
fabrics, and belting ducks represent a small proportion only of the world’s out- 
put of textiles fabrics. Conveyor belting, however, often constitutes an im- 
portant turnover for an individual rubber manufacturer, and the confusion is 
important from this aspect. 

The possibility of difficulty arising from two countries which may officially 
adopt different test results, such as those shown in Table 1(a), is obvious. Let 
us, therefore, examine the work being undertaken on effective standardization 
and the advantages which should arise from it. 
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THE VALUE OF STANDARDIZATION FOR INDUSTRY 


Probably the first question which will be asked in connection with interna- 
tional standardization is: how far does it assist, and in what way is it connected 

_ with, industry? The answer is perhaps involved but there is no real difficulty 
in showing that it does and can assist industry in a number of ways. Many 
technical men, however, react somewhat unfavorably to any idea of standard- 
ization, because of its association with regimentation and the tendency to as- 
sociate its adoption with possible restrictions of progressive ideas and the so- 
valled ‘“‘creative outlook”. The fact must be accepted, however, that the rub- 
ber industry is international in character. Its raw materials come from all 
parts of the world, and industrial countries export or import a large turnover of 
manufactured rubber products each year, having widely varying applications. 
The extensive use of rubber products in allied industries also compels consider- 
ation to be given to the question of desirable standards for these goods. It will 
probably, therefore, be accepted that, in the field of export and in the interna- 
tional exchange of ideas, some form of standardization is necessary. In the 
past, some difficulties have been encountered through prejudice or unwillingness 
to change, but rubber technologists are now tackling the problem with regard to 
laboratory methods of test and are laying down a sound technical foundation 
for the rubber industry for each country participating in this work. 

A further most important point is based on the necessity for the free ex- 
change of information on an international basis. It will be found that the re- 
sults obtained in almost any test on rubber depend largely on the method used, 
and there has been in the past an enormous loss of the potential value of re- 
search results published because workers in any one country often could not 
directly apply the results obtained in other countries owing to such differences 
in test procedure. Stress must also be laid on the equally serious loss in the 
realm of commerce, as uncertainty must definitely arise when seller and buyer 
think in terms of different methods of test. Now, however, by virtue of the 
international character of the 1.8.0. Committee, it is possible to devise methods 
of test which bear relation to conditions prevailing in the participating coun- 

tries and, also, according to the availability of raw materials in those countries. 
As an exporting country we are bound to realize the importance of this and the 
need to participate in the extensive amount of cooperative work which is going 
on from year to year. 

It should be emphasized that not only are standards made the basis for dis- 
cussion when a method is being considered, but the literature on the subject is 
also carefully examined. Examples that can be quoted in illustration are flex- 
cracking and aging, where all existing national standards and laboratory test 
methods were surveyed before one was selected as being both the most universal, 
and also the most generally applicable method. It should perhaps be mentioned 
that it is not necessarily the most widely used method which is most suitable for 
adoption; some of the existing methods are open to criticism, and appreciable 
modifications are required before they can be accepted as suitable for interna- 
tional adoption. 

In drawing up the program of work of the I.8.0. Committee, it was realized 
that products would ultimately have to be considered. It is evident, however, 
that this stage must depend on first developing suitable test methods, and if 
progress has been somewhat slower than was anticipated, it has been because 
many problems have been encountered and have had to be solved. A feature 
of the work to date has been the intensely keen sense of responsibility which 
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has been shown by all participating countries. Certain countries, either be- 
cause of their geographical situation or because of their commercial interest in a 
particular field, may show more active interest in some of the subjects than 
others. Examples of this, which may be quoted, are the work on cold resist- 
ance in the case of the U.S.A. and work on the classification of raw rubber in 
which both France and the U.K. have taken an active part. It should not be 
implied, however, that such countries limit their activity to the selected sub- 
jects; in fact all countries have made valuable contributions either by way of 
the circulation of documents or through discussions at the 1.8.0. conferences. 


EXCHANGE OF DATA 


There is another aspect of the work which, although not forming part of the 
formal plan, is nevertheless one of great international importance. In order to 
secure the most rapid advance possible, there is an exchange of data obtained by 
various workers through the B.S.I., the results of work done in the elucidation 
of some of the major problems being communicated to all member countries. 
Everything is done in a friendly atmosphere, and the creation and acceptance 
of these informal working parties by the International Organization for Stand- 
ardization must be regarded as a movement of great international significance. 
Details of the organization of these working groups will be explained later, but 
their existence, resulting in the free exchange of experiences and thoughts on 
improvements which can be made on an international basis in our testing 
technique, must create a spirit of goodwill and camaraderie and represents, it is 
felt, a pattern which could be followed with advantage in spheres other than 
that of the rubber industry. 


CREATION OF THE INTERNATIONAL COMMITTEE 


Before discussing in detail some of the work which has been started, it may 
be advantageous to review the background which led ultimately to the creation 
of the present International Committee and to see how far it can be considered 
to represent international thought in the rubber world. 

The idea of setting up a committee on an international basis to consider the 
preparation of international standards for rubber products was first accepted at 
a conference which followed that of the Institution of the Rubber Industry in 
May 1938, and, after considerable discussion, the British Standards Institution 
was nominated as the organizing Secretariat, largely because of its geographical 
position relative to other European rubber manufacturing and rubber produc- 
ing interests. At this 1938 conference it was agreed that, before specifications 
for rubber products could be considered, internationally acceptable methods for 
testing products would first have to be laid down, and, forming a second stage of 
the work, agreement would have to be reached on the meaning of certain terms 
which might not be given the same interpretation in all countries. Some com- 
ment on the use of the different terms used will be made later in the paper. 

As the British Standards Institution was then already engaged on its work 
in establishing methods of testing rubber products, it was agreed that this work 
should form the first step in the general plan and that, when these methods of 
test had been completed, they should be circulated for consideration by the 
International Committee appointed. Unfortunately the outbreak of the 
Second World War interfered with these plans, but, as will be well known, the 
work of the B.S.1. Committee was completed as far as was practicable under 
war conditions and issued in 1940*. 


268 RUBBER CHEMISTRY AND TECHNOLOGY 


It was recognized, at the time they were published, that considerably more 
work was necessary to bring these methods of test to a completely satisfactory 
position, and during the War it became more and more obvious that almost 
complete revision would become necessary as soon as the opportunity arose. 
The increasing use of synthetics and the development of new compounding in- 
gredients all required consideration and a special committee was, therefore, set 
up in Great Britain before the end of the war to make a preliminary survey of 
the work required. In the meantime the concept of international standardiza- 
tion had also been considerably expanded and an International Organization 
for Standardization had been created under the control of which a large number 
of committees had been set up to sponsor plans for creating specifications which 
could be internationally adopted. 


FUNCTION OF THE BRITISH STANDARDS INSTITUTION 


Under this new organization, a further conference was held in London in 
1948, at which it was agreed that the work started ten years earlier should be 
continued. The position of the B.S.I. as the Organizing Secretariat was con- 
firmed, which, in effect, meant that the rubber industry of Great Britain ac- 
cepted the responsibility of the background organization necessary to see that 
the work was efficiently planned and that the I.8.0. Rubber Committee (1.8.0./ 
TC/45) was provided, either with summaries of work already done in any field 
selected for investigation, or with a précis of the test procedure used in various 
countries to carry out a particular test. In many cases also it was necessary to 
conduct a preliminary investigation into problems met so that the International 
Committee could be assisted or even guided to the path most likely to lead to a 
solution of the difficulty. 

This work is actually organized by a special Steering Committee of the 
B.8.1., which works in conjunction with several committees or subcommittees 
operating under the general control of the Rubber Industry Standards Com- 
mittee. By means of these committees, the manufacturers’ associations 
(through the Federation Technical Committee), the rubber research associa- 
tions, and the technical experts of Government Departments interested in this 
field, are all drawn into active participation in the work and tribute should be 
paid to those workers for the extensive work which is voluntarily undertaken, 
and which in many cases requires considerable experimental testing in their own 
laboratories. If full details could be given of this work in this very brief 
survey, it would furnish a fine demonstration of the way in which British in- 
dustry has shouldered the obligations arising from the acceptance by the B.S.I. 
of the position of Organizing Secretariat. 


COORDINATION OF STANDARDIZING BODIES 


In the preparation of these surveys, the B.S.I. has, of course, to take into 
consideration any work which has already been done by other national stand- 
ardizing bodies, such as ASTM Committee D.11, the French National Stand- 
ards Association, the Netherlands Standards Organization, as well as those of 
many other countries. As a direct result of the work of such bodies, and that 
carried out by the B.S.I. Committee itself, a comparison and tabulation of the 
various test methods are prepared as a basis of discussion. 

One can talk perhaps somewhat glibly of international standardization, but 
very simple reflection will reveal the immensity of the task. Test results on 
rubber, for example, may be dependent on temperature conditions, and to 
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visualize the ambient conditions in industrial laboratories throughout the world 
might even develop a feeling that the task is almost insuperable. Also, having 
regard to the large number of alternative compounding materials available 
throughout the world, it is a very difficult problem to select a standard reference 
compound for abrasion testing. The problem of manufacturing in various 
countries a piece of new test equipment must also affect the design of anything 
selected for international recommendation. All such factors must be consid- 
ered before the matter is finally settled and agreed. 


FORMULATION OF PROGRAM 


As a result of the discussions at the London meeting in 1948, the subjects 
accepted for the first program were tension testing, abrasion testing, tear 
strength, and hardness. In the closing session of the conference, five further 
subjects were accepted for later investigations, namely: latex, the adhesion of 
rubber to metal and of rubber to fabric, the classification of raw rubber, aging 
and flex-cracking. 

After a year of very solid work by all the participating countries, including 
considerable spade work by the U.K. delegation and the B.S.I. Sub-Committee, 
a second conference was held in September, 1949, at the Hague. Considerable 
progress was made during the meeting, and additional subjects including the 
classification of vulcanized rubber by physical properties and dynamic testing 
(this latter being accepted as a long range project) were put on the agenda for 
consideration at the 1950 Conference. It was realized at the time by the U.K. 
Steering Committee that there was a danger of the agenda becoming too cum- 
bersome to operate efficiently and a program of subjects was, therefore, drawn 
up indicating when each could be expected to be finished and when a new one 
could be prepared for active discussion. As an item of interest, this program 
is given in Table 2, from which it will be seen that, as one subject is finished, 
another is brought into the scheme, so that at any one time no more than nine 
subjects are under active discussion. It will be noticed that 1950 forms an 
exception to this, but it was in this year that it was realized that the program 
was becoming too unwieldly. 

Other variations have also been made to the original program. Abrasion 
testing, for example, due to be completed in 1951, has been partly finished, and 
an extensive amount of valuable work placed on record, but it has been 
shelved for the time being, pending further contributions on the subject from 
the U.S.A. delegation. 

Cold resistance, due for original discussions in 1952, was actively discussed 
in 1951, and delegations are now in process of examining low-temperature 
stiffening, brittleness, and crystallization. 

With a few modifications, the program was accepted at the meeting held in 
1950 at Akron, and it was a significant indication of the substantial progress 
being made that a record number of resolutions were passed at this meeting. 
At the closing session, a very full discussion took place as to the best method 
for tackling the program of future work planned, and it was agreed that an 
attempt should be made to clear some of the subjects, if at all possible, within 
a period of from two or three years. The subjects selected for this were: hard- 
ness, ply adhesion, rubber-to-metal bond strength, abrasion, aging, flex- 
cracking and cut growth, latex, cold resistance, natural-rubber classification and 
chemical tests, the classification of vulcanized rubbers, the mechanical condi- 
tioning of rest-pieces, dynamic testing, and microhardness, 
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The climax of the work, however, came at the Oxford meeting in October, 
1951, which was attended by delegates from six member and four observer 
countries, when it was found possible to put forward as draft I.8.0. proposals 
the following test methods: (1) tension testing, (2) tear strength testing, 
(3) ply adhesion testing, (4) mechanical stability of latex testing, (5) hardness 
testing. 

UNOFFICIAL WORKING GROUPS 


In addition to facilitating the work by means of drawing up a program of 
subjects and a time-table for each, the late Mr. Warwick, the Executive Secre- 
tary of the ASTM, made a most timely and helpful suggestion. He proposed 
that the work of I.8.0./TC/45 should be speeded up by the formation of in- 
formal working groups, or subcommittees, consisting of delegates from member 
bodies particularly interested in any selected subject. In this manner, many 
technical problems could be tackled by the working groups, and many points of 
difference resolved outside the main committee. The time of the main com- 
mittee in this way would not be wasted by discussions on relatively minor dif- 
ferences of opinion which actually could just as easily be resolved elsewhere. 

As a result of this suggestion, informal working groups have been set up on 
a number of subjects, such as for example the classification of vulcanized rub- 
ber, which group held a very successful meeting in November of last year, fol- 
lowing the Oxford Conference. During the conference at Akron, in 1950, a 
small committee also met on tear strength, and during the Oxford Conference 
another committee met, with a large measure of success, to discuss the ever- 
green problem of metric and English units of measurement. Other working 
groups are at the moment engaged in exchanging views and test data on flex- 
cracking; estimation of copper and manganese; technical classification of raw 
rubber; use of individual containers in aging; latex ; and microhardness. 

The activity brought into being by this far reaching decision is thus very 
clearly indicated. 


DRAFT RECOMMENDATIONS AND ACCEPTED STANDARDS 


Perhaps a note of warning should be sounded here regarding the too ready 
acceptance, by any organization or individual, of draft recommendations as ac- 
complished standards. The 1.8.0. procedure lays down that, when a technical 
committee has reached agreement, its proposals shall be laid before the Council 
and any further action is taken by the Council. This means that a “draft 
proposal” from an I.8.0. technical committee, when approved by the majority 
of its “P” (participating) members, becomes a “draft I.8.0. recommendation” 
to be submitted through the General Secretariat to all I.8.0. member bodies for 
consideration. If it is accepted by the majority of I.8.0. member bodies and 
approved by I.8.0. Council, it is then an “T.S.0. recommendation”. In special 
circumstances, and provided there is unanimous agreement by all I.8.0. mem- 
bers, 1.8.0. recommendations may become an I.8.O. standard. 

The full scheme is shown in Table 3, from which it will be seen that, even 
when the stage of drawing up “draft proposals” has been reached, we are a long 
way from getting full international approval. This fact, however, should not 
be allowed to hinder the prompt consideration and use of any test procedure 
which has reached the stage of a “draft proposal,”’ as it most certainly represents 
the most desirable procedure to follow and has only reached this stage after 
considerable scrutiny on an international basis. 
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DISCUSSION OF WORK IN MORE DETAIL 


It may now be opportune to consider in detail some of the work which has 
been done. 


(1) TENSION TESTING 


One of the first subjects discussed at the London meeting in 1948 was tension 
testing. The first approach, as previously mentioned, was to study the existing 
relevant national standards and to draw up a table of test and test-piece details 


TABLE 3 


Construction oF I.8.0./TC/45 


1.8.0. COUNCIL — 
(1.8.0. General Secretariat) 


Approval of draft 
1.8.0. recommen- 


Draft and ap- 
proved I.8.0. rec- 
ommendations 


dations and stand- 
ards. 


and standards. 


\ 


ALL MEMBER COUNTRIES. 


1.8.0. Draft 
recommen- 

dations, an- 
nual reports, 
policy ques- 
tions. 


1.8.0. Recom- 
mendations 
and stand- 
ards, policy 
decisions. 


COUNTRY—_—— 
| +(B.S.1.) 


4 


Distribution of Suggestions, Distribution 

documents and technical of documents 

proposals. data, draft and proposals. 
proposals. 


Terms of Technical 
reference. data and pro- 
posals. 


PARTICIPATING OBSERVER 
CouNTRIES. CouNTRIES. 
(Standardizing bodies). (Standardizing 
bodies). 


WORKING GROUPS 
(Various participating countries). 


from these. This is shown in Table 4, in which the details of the dumb-bell die 
only are given. 

It is obvious that a leisured survey is necessary to make a proper assessment 
of all the information summarized in the table, but a glance is probably suffici- 
ent to show the wide variation in the width of the reduced section and the vari- 
ation in the shape of the shoulders and in the position of the bench marks used 
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for the measurement of the elongation. A further difference, not actually re- 
corded in the table, is the load applied on the pressure foot of the gauge used to 
measure the thickness, which varies from 85 grams in the U.S.A. to 500 grams 
in France. 

The obvious approach to such a divergence in a test-piece is to carry out a 
series of comparative tests on a range of rubbers, using in succession the test- 
pieces of each national standard. On this basis, a program of work was or- 
ganized by the U.K. as Secretariat, and samples of a pure gum, and also of a 
tread type compound, were sent to participating members in Australia, France, 
Hungary, Italy, Netherlands, U.K., U.S.A., and the U.S.S.R. From these each 
could prepare test-pieces conforming to their own national standards. In addi- 
tion, arising from the discussions at the 1948 London I.8.0. Conference and the 
Technological Conference organized by the I.R.1I. at the same date, it was de- 
cided to prepare test-pieces conforming to the recommended U.S.A. shape, 
where the narrow portion is 1} inches (approx.) long. It is of interest to note 
here that this dumb-bell shape was arrived at during work organized in the 
U.S. Synthetic Program, and details were published in Special Technical Pub- 
lication No. 74 of the ASTM. 

At the same time, work was also carried out on the influence of the position 
of the dumb-bell in the jaws of the testing machine. This work arose from a 
memorandum by Bimmerman in the U.S.A., who had found that a marked 
effect on tensile strength and elongation was produced when the test-piece was 
placed out of alignment. 

In view of the results summarized in Tables 5 and 6 (a) and (6), it was con- 
sidered that the American dumb-bell gave the most uniform test results, and, 


TABLE 6 (a) 


Test ConpITIONS SHOWING PosiTION oF TrstT-PIECE IN GRIPS 


Length inserted 
Condition Lateral position in grips in grips* 

Central normal 
Central } inch extra 
0.0625 inch off-center normal 
0.0625 inch off-center } inch extra 
0.094 inch/0.125 inch off-center normal 
0.094 inch/0.125 inch off-center } inch extra 


(* “‘normal"’ means that the end of the dumb-bell is level with the circumference of the grip roller when 
the dumb-bell is firmly gripped; ‘‘} inch extra’’ means that each end is pushed } inch farther into the grips 
so as to reduce the effective length of the dumb-bell by 4 inch.) 


TABLE 6 (b) 


VARIATION (EXPRESSED AS STANDARD DeEviATION) TO Various CAaUsEs 


Between the 6 Between the 3 Between the 2 
Source of variation laboratories “displacements"t  “‘insertions''t 


Pure Gum Rubber 
Tension strength (lbs. /in.?) 165 (120) 
Breaking elongation (°%) 7 (2) 
Modulus (lbs. /in.?) 


Black Rubber 
Tension Strength (Ibs. /in.*) 
Breaking elongation (%) 10 
Modulus (Ibs. /in.?) 50 


* Not significant according to the analysis of variance. 

(Figures in brackets refer to tests carried out in five laboratories only 

+ “Displacements” refers to the lateral position in grips as shown in Table Vla. 
t “Insertions” refers to the length inserted in the grips as shown in Table VIa. 


+ 
(45) (100) om 
* 2\* 
(1) (3) 
1 rf 22 
Q1* 
37 31 
4.5 5 
* 
‘ 4 
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although higher mean tension strengths and elongations at break were actually 
obtained with other types of test-piece, it was ultimately decided to adopt the 
U.S.A. test-piece as the standard I.S.0. dumb-bell. The die used for this is 
that described in ASTM Standard D.412-49T. Die C. In the work mentioned 
above, it was also found by the U.K. delegation that the positioning of the test- 
piece in the jaws of the testing machine had no significant effect on the result 
obtained in comparison with the variability found among the participating 
laboratories. It was, therefore, considered sufficient to recommend that, when 
the test-piece is placed in the jaws of the test machine, care must be taken to 
place it centrally. 

Attention must be drawn to the fact that I.8.0./TC/45 Committee has 
achieved agreement, both on a tension stress-strain test method and a test- 
piece in the remarkably short time of three years, and it is hoped that this will 
eventually become internationally accepted. When one considers the extensive 
preparatory work required and the cooperative work which has been carried 
out during this period, the accomplishment becomes all the more remarkable, 
and forms a tribute to the goodwill existing between all delegations. 

In view of the fact that the method has not yet been adopted as an I.S.0. 
recommendation, it is felt that it would not be expedient to publish it at present 
in a technical publication. 

Now that a standard test-piece has been agreed upon further work has been 
planned and is being organized with regard to the use of a smaller test-piece so 
that tests can be carried out on sample or test-specimens too small for the 
normal size test-piece. 


(2) ABRASION RESISTANCE 


A further subject which has required a considerable amount of cooperative 
investigation is that of abrasion resistance. 

The method of approach adopted was similar to that used with tension 
stress-strain testing. A resumé was first made of all existing national standards 
about which the essential details of test, apparatus, and conditions were known. 
These details are summarized in Table 7, and it will be seen from them that 
there is wide divergence in: 


(i) the type of equipment; 

(ii) the temperature and humidity of the ambient atmosphere; 
(iii) the type of abrasive used; 
(iv) the standard compounds used for reference purposes. 


It is not intended in this paper to enter into a discussion of the technical 
aspects of subjects which have been reviewed as I.S.O. conferences, but a brief 
survey of the reasons which led to the choice of the du Pont machine for abra- 
sion testing is perhaps necessary, and will serve to indicate some of the problems 
which have to be resolved before a final selection can be made from the several 
alternatives. 

To do this, let us first consider what form the ideals of a method of abrasion 
testing. They are somewhat different from the example of tension stress strain 
previously quoted, in so far as the sample selected and the test procedure bear 
some relation to the conditiors which will be met in service. When, however, 
the very short time occupied by the test in any of the standardized methods is 
compared with the actual life of the article, for example, a tire or a piece of 
flooring, even without the subsidiary complication introduced by stress treat- 
ment during service or other influences distinct from pure abrasion, one might 
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feel somewhat pessimistic as to the possibility of obtaining, by a highly ac- 
celerated method of test, a figure which will give good service correlation for 
every individual type of compound used for such widely differing purposes. In 
spite of this fundamental difficulty, however, it has been realized that a method 
of testing the abrasion resistance of rubber compounds is highly desirable, even 
on the basis of a purely laboratory assessment. The available methods, were, 
therefore, studied with the following three important points in mind :—(1) the 
most widely used instrument, (2) the instrument which is most capable of 
relatively simple modification, e.g., variable energy input, surface speed, sample 
spacing, and cleansing and replacement of abrasive, and (3) the actual avail- 
ability of the instrument, this being a necessary condition to facilitate further 
research and cooperative testing. With these and other similar points in mind, 
it was ultimately decided, as an interim measure, and until a more suitable 
method of testing has been devised, to use the du Pont (Grasselli) machine as 
the one which satisfied most of the stipulated requirements. 

At the same time an examination was made of the pablished literature for 
any test data which related the du Pont machine to actual service life and also 
for any modification to the test conditions which might actually improve this 
correlation. Two modifications were found which showed promise (1) the 
method developed by Griffiths in which pretreatment of the sample forms the 
essential modification and (2) the constant torque method developed by the 
Dunlop organization which necessitates a simple modification of the machine 
only. Both modifications are being considered and a brief description of them 
will, therefore, now be given: 

Method of Griffith, Storey, Barkely, and McGilvray?.—The vuleanized rubber 
is extracted for 96 hours in a standard Soxhlet apparatus, without paper thim- 
ble, with ethanoltoluene constant-boiling mixture. This is followed by a 24- 
hour extraction with 95 per cent ethanol to remove absorbed solvent from the 
rubber, the ethanol being changed once during this period. The extracted 
rubber is then placed in a vacuum dessicator for 24 hours at room temperature, 
and then allowed to rest for a further 24 hours under ordinary room conditions. 
The sample is then tested in the usual manner. 

Constant torque method.—The difference between the constant torque method 
and the standard du Pont test is briefly that in place of the normal weight of 8 
lbs. (3.62 kg.) used to press the sample on the abrasive surface, a variable load, 
provided by a spring, is used to allow the beam to be kept at a constant pre- 
determined torque. 

The improved ranking of tread compounds when the constant torque method 
is used is demonstrated by Table 8. 

The two important subjects of tension testing and abrasion measurement 
have been discussed in considerable detail in order to illustrate the general pro- 
cedure adopted and the care taken to utilize data and experience already avail- 
able. It covers, however, a section only of the actual work done by the 1.8.0. 
Committee. Work of an extensive nature has been carried out, either in the 
form of a review of the literature or of the organization of a program of cooper- 
ative testing on such subjects as aging, as carried out in the Geer type oven or in 
the oxygen bomb; on hardness tests; on flex cracking and cut growth; and on 
tear strength. A special reference should also be made to the work of the 
International Study Group, which is investigating the technical classification 
of raw rubber, and whose recommendations and investigations have been the 
basis of the I.8.0. discussions at the last two conferences. 
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TABLE 8 


CORRELATION WITH SERVICE OF RESULTS FROM ConsTANT-TorQueE 
ABRASION TESTS, ON TREAD COMPOUNDS 


Standard method Modified method 
( onstant load Constant torque Road test 

Compound Abrasion “Abrasion ‘Abrasion 
reference index Ranking index Ranking index Ranking 

8759 100 3-4 100 1 100 1 

60 145 2 92 2 92 2 

61 159 1 85 3 80 3 

62 100 3-4 te 4 74) 4-5 

63 54 5 63 5 76) 6 

64 50 6 38 6 59 6 


(3) OTHER ITEMS OF GENERAL INTEREST 


Many items of general interest and of great importance have arisen, and 
the following examples of special interest are quoted as illustrations: 


(a) Aging tests —The fact that certain compounds can affect each other 
when aged together in a Geer oven has been known for quite a time and has 
been the subject of a lot of work in the U.S.A. One contribution of note, for 
example, is the work of Schoch and Juve, carried out on behalf of Committee 
D llofthe ASTM This and other work has actually resulted in a reeommend- 
ation by the I.S.0. that only rubbers of the same general type, and having the 
same type of acceleration and antioxidant, should be aged together if comparable 
results are desired. A considerable amount of cooperative investigation has 
also been carried out by the U.K. delegation, from which it has been shown: 


(1) that many standard Geer ovens do not maintain a temperature which is 
constant throughout the oven to within the stipulated + 1° C. This has re- 
sulted in bringing to the fore alternative methods of carrying out the test, for 
example, the Admiralty oven designed by Milligan and Shaw‘, and the constant 
temperature oven designed by Eccher and Oberto®. 

(2) that the variation in the amount of deterioration on the same compounds 
mixed in one laboratory and distributed in a random manner is much greater 
than was expected, and that in some cases the variation is decidedly significant. 
This will be seen from the results in Table 9 (a), (6) and (c), which cover aging 
tests carried out in six laboratories. In comparison, the variability shown in 
oxygen-bomb tests carried out in five laboratories, and which have been sum- 
marized in Table 9 (c), was found to be not so great as would be expected, 
probably because of the better control of the test conditions. 

(b) Classification of rubber (vulcanized) —At the Hague meeting in 1949, the 
Netherlands delegation suggested that the time was opportune for opening dis- 
cussion on the classification of vuleanized rubber by physical properties. A 
summary of Netherlands Specification N.1001 was submitted for comment and 
discussion at the Akron Conference in 1950. For this conference the U.K. 
delegation prepared a document outlining the differences between the Nether- 
lands Specification and ASTM Specification D.735-48T. It was revealed that, 
in both countries, these specifications were in general use, although in fact the 
ASTM Specification was designed for primarily automotive and aeronautical 
applications. The main difference between the specifications is that the Neth- 
erlands N.1001 attempts to standardize a method of specifying rubbers, whereas 
the ASTM 1D.735-48T specifies the physical properties in tabular form of avail- 
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able rubbers. At first sight it does not appear possible to reconcile the two 
specifications, but by determined effort and a spirit of compromise, the working 
party has laid down the general lines of a composite specification which it is 
hoped will be acceptable to all countries. 


TABLE 9 (a) 


COMPARATIVE OxyGEN BomB AND GEER OVEN AGING IN VARIOUS 
LABORATORIES COMPOUND DETAILS AND TEST RESULTS 


Test sheets, 4 mm. thick, were prepared in one laboratory from the following three 
compounds. 
T519 
100 


Compound 


T518 
Smoked sheet rubber 100 
EPC black R 50 
5 
3 
3 
1 
1 


Zine oxide 

Stearic acid 

Sulfur 

Benzothiazoly! disulfide 
Pheny]-2-naphthylamine 
Phenol condensate 


Cure: 40 minutes at 144° C 
Unaged tensile strength (kg./sq. cm.) 259 269 273 
Unaged elongation at break (%) 507 558 552 


Ring test-pieces of standard dimensions for tension testing were cut from the sheets, and allocated in sets 
of rings, chosen randomly, to each of the participating laboratories. On completion of the aging, the rings 
were returned to the original laboratory when the tension tests were carried out. Hence all the physical 
sad results were obtained in the one laboratory. Six test-pieces were used for each aging period in each 
aboratory. 


TABLE 9 (b) 


CoMPARISON OF GEER OveEN AGING aT 70° C IN Srx LABORATORIES 
Tensile strength (kg./sq. cm.) 
3 weeks 

Laboratory 7  ¢ 8 9 

132.7 198.5 174.5 

50.2 172.5 138.0 

93.7. 206.3 167.7 

100.3 191.7 168.7 

66.3 183.7 165.8 

51.2 184.5 139.8 


Elongation at break (%) 


3 weeks 
A. 


7 8 9 

391.2 367.8 423.3 262.3 329.0 308.8 
314.5 402.2 374.5 132.1 316.8 255.5 
356.7 381.0 399.0 216.5 354.2 293.3 
386.7 382.2 366.7 224.7 334.3 294.5 
330.7 348.7 375.7 164.3 326.5 302.2 
256.7 401.0 357.7 111.0 308.8 240.8 


x All snapped before tested 


P Signifies that the compound had perished. 
+ Too brittle to test. 


o) 


Unaged tensile strength 
Unaged elongation at break (%) 


5 

3 

3 

1 

reoks 

9 

3 63.0 

2.2 56.7 

4 56.5 

55.5 

).7 59.2 

0 58.5 

Aging 

AF 1 week m7 6 weeks 12 weeks 

e 1 154.5 257.8 200.0 29.7 48.7 

2 40.0 166.6 144.5 x 65.7 

s 3 120.0 193.3 212.2 30.2 69.2 

7 4 72.3 219.0 14648 + 69.0 

5 60.0 221.2 162.2 P 66.7 

4 6 42.6 190.2 152.2 + 388 

T517 T518 T519 

= 507 558 552 
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TABLE 9 (c) 


CoMPARATIVE OxyYGEN-BomB AGING IN FIvE LABORATORIES AT 70° C 
AND 300 LBS. SQ. IN. OXYGEN PRESSURE 


Tensile strength (kg./sq. cm.) 
Aging 


period 1 day f 3 days 6 days 12 days 
Laboratory 7 8 9 7 8 9 7 8 9 7 8 9 
1 102.5 208.0 187.2 28.5 142.7 82.2 P 91.7 4740 P 
2 68.5 211.3 168.7 30.2 152.5 87.5 |g 114.3 49.0 P 58.3 28.0 
3 114.7 204.7 173.7 r 158.5 83.3 P 100.2 528 P 62.0 P 
4 197.0 224.5 224.8 39.2 186.0 113.8 24.3 157.7 748 P 24.5 48.0 
5 115.5 219.2 185.0 x 176.3 91.5 P 135 473 P 700 33.0 
Elongation at break (%) 
Aging 
peri 1 day 3 days 6 days 12 days 
Laboratory 7 8 9 7 8 9 7 8 9 r 4 8 9 


1 317.8 455.7 442.3 32.2 400.0 313.3 P 310.0 209.0 P 182.2 P 
2 232.2 466.0 427.7 43.3 381.2 2645 P 307.7 215.5 P 247.7 93.3 
3 311.0 411.2 393.3 P 4045 30.22 P 3188 393.3 P 2508 P 
4 437.7 436.7 437.8 106.5 420.0 323.5 139.0 381.2 251.2 P 332.3 217.0 
5 341.0 473.3 4388.8 x 420.0 296.7 P 339.0 253.3 P 282.3 155.3 


x Rings not perished but snapped when fitting on machine. 
P Signifies that the compound had perished. 


T517 T518 T519 
Unaged tensile strength 259 269 273 
Unaged elongation at break (%) 507 558 552 


(c)Agreement on Technical Terms.—In the discussion on the background 
which led to the formation of the International Committee, reference was made 
to the necessity of reaching agreement on the meaning of certain terms which 
have hitherto not been given the same interpretation in all countries. Difficul- 
ties of this nature were due both to difference in the languages used and also to 
differences of statistical nomenclature within the same language. For ex- 
ample, in the discussion at the Akron Conference the U.K. and U.S.A. delegates 
felt, after considerable thought, that the term “‘viscosity’’ was the one which 
best described the property measured by the Mooney plastometer. The 
French delegate, however, pointed out that, in France, ‘‘viscosity’’ was reserved 
exclusively for Newtonian fluids and non-Newtonian liquids tending to become 
Newtonian for a sufficiently high velocity gradient. It was finally agreed that, 
while there might be differences of opinion with regard to the property measured, 
for the purposes of nomenclature as used in international discussion the English 
term for the property should be Mooney viscosity and the French term consistance. 

An illustration of differences of interpretation within the same language 
occurred during the discussion on rubber to metal bonding at Oxford. In 
B.S. 903, test-piece is defined as the piece of material which is actually being 
tested, whereas in the U.S.A. the term is used to describe the material from 
which the sample to be tested is taken. The problem of agreement of inter- 
pretation was referred to a working party to examine the question in conjunc- 
tion with two other I.S.0. technical committees dealing with terms for methods 
of test. 

{d) Dynamic testing —It is generally recognized that the position of dy- 
namic testing is fluid at the present time, because the state of our knowledge is 
incomplete, and none of the existing methods supplies a full answer to the prob- 
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lems involved. Opinions differ regarding sample size, frequency, and amplitude 
of vibrations, whether shear or compression modulus should be determined, 
and the temperature at which the test is to be carried out. The U.K. delegation 
through the appropriate B.S. committee will soon be circulating to industry a 
questionnaire requesting details of the existing dynamic test methods, and the 
opportunity is taken here to make an appeal for your support on this important 
aspect of the work being done. 

(e) Latex.—The work on latex has not yet reached a stage of finality because 
of wide divergences in the methods of test which have been developed, and be- 
cause some of the agreed equipment used for some tests is not readily available 
in all countries. Thus, while there has been general agreement on a method 
assessing the mechanical stability of latex, it has not been possible for the French 
to obtain the necessary glass containers with the required degree of accuracy in 
dimensions, and other forms of container affect the result. In view of this and 
other factors, work is in progress to find out the actual influence of container 
dimensions on mechanical stability. 

It has also been accepted that, while zinc oxide stability tests are important, 
they are only of limited value in their present form. Consequently further in- 
vestigations are to be undertaken by member countries. The French delega- 
tion have already done a considerable amount of work, for example, in an en- 
deavor to obtain a zinc compound which would be soluble in latex and, in the 
stability test, behave in a similar manner to zinc oxide. 

Ammoniacal zine acetate solution was actually used, and concordant results 
were claimed, but the Netherlands delegation had not had much success in 
similar investigations. The object of these tests was to determine the sensitiv- 
ity of raw latex to the zinc-ammonium complex. The use of zinc acetate offers 
a greater uniformity of results than is obtained with zine oxide, which shows a 
wide variation according fo the brands used, but a great deal of preliminary 
work remains to be done before the zine acetate method can be established and 
the results of the two methods satisfactorily correlated. The procedure for 
sampling latex in small containers has received general agreement, but sampling 
from large containers, such as tank cars, and storage containers, still presents a 
problem which has not yet been solved satisfactorily. Further work is also 
being carried out on the KOH number, with particular reference to the use of 
colorimetric indicators, and the question of reagents is awaiting the recom- 
mendations of I.8.0./TC/47—Chemistry Committee. 


CONCLUSION 


If reference is again made to the program summarized in Table 2, it will be 
seen that the work discussed has consisted, at the most, of a review of five of 
the thirty-eight subjects planned for investigation, while a brief survey only 
has been given of some seven others. The magnitude of the task which has 
been undertaken will, therefore, be easily recognized. On the other hand it 
must be remembered that four meetings only of 1.8.0. Committeee/TC/45 
have been held so far and, viewed from this standpoint, and bearing in mind the 
initial difficulties always met in starting a project of this nature, it must be 
agreed that remarkable progress has been made. It is, perhaps, a significant 
tribute to this progress that, as previously noted, five of the subjects down on 
the program had during this short period reached a stage where they could be 
put forward as I.8.0. recommendations, and whereas the program envisaged 
that, by the end of 1951, some fifteen subjects would be under active considera- 
tion, twelve have actually been started. 
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The work done has already shown the remarkable divergence in the ap- 
proach to any specified problem by the individual countries and this is, of 
course, one of the main reasons why a considerable amount of exploratory ex- 
amination of the existing alternatives has had to be made. This in itself draws 
attention to the marked advantage which will now arise as the creation of addi- 
tional new methods becomes necessary. The machinery for coordination is 
already established, and this should prevent different countries from starting 
test procedures differing so widely in their conditions that correlation becomes 
difficult. 

Another point which has developed on several occasions is the important 
significance of what might seem at first sight to be relatively minor details. 
Lack of recognition of these has enabled conditions to be established in different 
test houses which produced very widely varying results. A typical example of 
this was shown in the carrying out of the oven aging test mentioned earlier in 
the paper. 

Of immediate practical significance to the layman will be the work which 
has been done on establishing tests for the assessment of typical properties of 
latex. The classification of vuleanized rubbers which is now making headway 
will also form a most useful guide to customers, indicating the schedule of 
properties which can be expected where some requirements, for example hard- 
ness, compression set, and heat resistance, with or without resistance to oil, are 
specified. Such tables should avoid the difficulty frequently met that some 
characteristics specified are not compatible. 

In view of aircraft travel also, the establishing of satisfactory methods for 
testing properties at low temperatures has obviously a very practical value, 
while the work on the technical classification of raw rubbers has already shown 
the possibility of buying rubbers in the market having much more consistent 
processing properties than has been possible hitherto, except perhaps by the 
selection of individual estate rubbers. 

It can also be said that methods of evaluating rubber properties by labora- 
tory tests are coming under the scrutiny of an international body of experts, 
and that already many unsuspected pitfalls have been found. It follows that, 
when these methods of test have been modified to the stage of being recom- 
mended for international adoption, they not only have the advantage of being 
universally recognized, but the very fact that they have received such scrutiny 
must make them much safer to use, and that in itself marks a real step forward. 

It must be accepted that we have still a long way to go and that there are 
many difficulties to be overcome before the position of creating international 
standards for products can be reached, particularly when the need for specifica- 
tions is linked with the realization that the maximum individuality possible 
must be permitted. It is obvious that the establishment of such specifications 
should not, and must not, prevent or even hinder the natural improvements or 
developments taking place in the industry, but if such difficulties are realized, 
it should not prevent us from appreciating the substantial progress and the 
very solid contribution to technical advancement in the industry which have 
been made in the space of a few years. 


SUMMARY 


An attempt has been made in this paper to give a picture of work undertaken 
with the object of reaching world-wide agreement on methods of rubber testing 
and of establishing internationally accepted standards for some of the more 
important rubber products. 
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In discussing the question of the value of standardization, it is pointed out 
that the rubber industry is international in character, both in regard to the 
supply of raw materials and exporting of the finished product. Mutual under- 
standing between supplier and consumer on the technical standards required, 
together with the free exchange of information on an international basis, can- 
not therefore fail to be advantageous to all sections of the industry and to 
remove possible sources of misunderstanding between buyer and seller. 

The background of the creation and structure of the International Organiza- 
tion for Standardization is outlined, and the work of the British Standards 
Institution, resulting from its acceptance of the position of Organizing Secre- 
tariat, is described in some detail. An account is then given of the formulation 
of a program of work based on conclusions reached at conferences held at 
London in 1948, at the Hague in 1949, at Akron in 1950, and at Oxford in 1951. 

It was realized that the drawing-up of product specifications would be de- 
pendent on first developing suitable test methods, and it was found possible at 
the time of the Oxford Conference to put forward the draft proposals for the 
following tests: (1) tension testing, (2) tear strength testing, (3) ply adhesion 
testing, and (4) du Pont abrasion testing. 

The distinction between Draft Proposals, Draft Recommendations, and 
Standards is emphasized and the procedure that has to be adopted before a 
Draft Proposal can be accepted as a Standard is described. 

Some of the work already done is then treated in more detail, with special 
reference to tension testing, abrasion, and aging tests, and brief summaries 
are given of the stages reached on the agreement of technical terms, the classi- 
fication of rubbers, dynamic testing and the properties of latex. 

In viewing the work as a whole, certain general conclusions can be drawn. 
Remarkable divergences have emerged in the approach made by different 
countries to any specified problem, and the lack of recognition of seemingly 
minor points has been shown to lead to widely varying test results. These 
facts underline the advantages of establishing machinery for the coordination 
of test procedures. Methods of evaluating rubber properties by laboratory 
tests are thus brought under the scrutiny of an international body of experts, 
and this in itself helps to make the tests more reliable to use, apart from the 
advantages that will accure from their being universally recognized. 

Five of the thirty-eight items comprising the program of work have already 
reached a stage where they can be put forward as J.S.0. Recommendations, and, 
of the fifteen subjects scheduled for active consideration by the end of 1951, 
work has already started on twelve. In view of the magnitude of the task in- 
volved in dealing with such an extensive program, the fact that so much prog- 
ress has been achieved after only four meetings of the I.8.0. Committee is a 
striking tribute to the hard work undertaken and the cooperative spirit mani- 
fested by all the workers of the countries concerned. 
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THE MEANING OF TERMS RELATED TO CURING * 


J. W. ScHADE 


GOVERNMENT LABORATORIES, UNIVERSITY OF AKRON, AKRON, OHIO 


Anyone unfamiliar with rubber technology would naturally assume that the 
terms used in describing vulcanization convey the same concepts to all tech- 
nologists in the industry. This is not the case. For example, the term opti- 
mum cure is variously defined, and compounders utilize a variety of methods for 
selecting optimum cures. Some technologists rely mainly on the shape of the 
modulus-time curve; others include tensile strength values in their analysis; 
still others depend on sensory indications, such as resistance to tearing by hand, 
before choosing an optimum. That there is no common basis for selecting 
optimum cures from moduli, tensile strengths, and ultimate elongations of a 
series of five cures ranging from 30 to 150 minutes was clearly demonstrated 
some years ago. Data of this kind were obtained for specimens of GR-S sup- 
plied by the fifteen GR-S plants then operating. These data were presented to 
six technologists employed in the larger rubber companies and at the Govern- 
ment Laboratories, with a request that they select the optimum cures for the 
specimens. In one company the estimates of four technologists were averaged ; 
in another company two estimates were considered. The differences in opti- 
mum cures selected by the technologists for the fifteen specimens varied from 
15 to 45 minutes, with an average difference of 28 minutes. 

If the values selected for optimum cure of the fifteen specimens had been 
such as to indicate agreement on a common basis for selecting optimum cure, ¢ 
great variation among the commercial GR-S produced by the fifteen plants at 
that time would have been evidenced. The values reported from identical 
data varied, however, for the different specimens over a range of 10 to 40 minu- 
utes. These results show that the compounders could not have used a common 
method of selecting the optimum cures. 

The term optimum cure obviously meant different intervals to the technolo- 
gists who analyzed the data. Furthermore, discussions at various meetings of 
technical men have disclosed that concepts of the meaning of rate of cure and of 
state of cure also differed materially. Therefore an attempt at logical definitions 
of terms seems desirable. 


VULCANIZATION 


Vulcanization was first defined by changes in the physical properties of rub- 
ber compositions induced by a chemical reaction. Charles Goodyear listed a 
number of changes produced by his process of heating mixtures of ‘‘gum elastic’”’ 
and sulfur. The properties exhibited by unvulcanized material which he 
stated were changed by his process were stiffening and becoming rigid and in- 
flexible during cold weather, softening and decomposing in warm sunlight, dis- 
solving in grease or oils, adherence of two surfaces when pressed together, and 
loss of elasticity by continued tension or constant use. 

* Reprinted from the India Rubber World, Vol, 126, No. 1, pages 67-72, April 1952. This work was 


carried out under the sponsorship of the Synthetic Rubber Division, Reconstruction Finance Corporation, 
in connection with the Government synthetic rubber program. 
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Ingredients other than sulfur were later shown to produce similar physical 
changes in rubber, but, to the present day, vulcanization of rubber, synthetic 
as well as natural, as practiced commercially, is conducted predominantly by 
heating mixtures containing sulfur. Also today the degree of cure is judged by 
quantitative changes in physical properties. For the purposes of this discus- 
sion, then, vulcanization may be considered as the process of thus changing 
rubber compositions from relatively weak plastic inextensible material, soluble 


STRESS-STRAIN DATA FOR X-558 GR-S COMPOUND 
(AT 77°F) 
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Fic. 1,--Changes produced by vulcanization with respect to modulus, tensile strength, and 
ultimate elongation of a GR-S composition. 


in hydrocarbons, into strong elastic extensible insoluble materials. In addition 
to sulfur, for most vulcanizable compositions of natural or analogous synthetic 
rubbers, zinc oxide, accelerator, and organic acid are added to regulate the rate 
and degree of change in properties. To elicit the best properties of GR-S syn- 
thetic rubbers, carbon black is also added. The changes produced by vuleani- 
zation with respect to modulus, tensile strength, and ultimate elongation of a 
GR-S composition are illustrated in Figure 1. 
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TERMINOLOGY OF CURING 


STATE OF CURE 


When a rubber composition containing sulfur is heated, chemical reaction 
occurs between the sulfur and the rubber hydrocarbon. The sulfur combines 
at a uniform rate until most of it has reacted. Concurrently with the chemical 
reaction, profound changes in physical properties are observed. The physical 
changes for each compound are related to the proportion of combined sulfur, 
but changes in combined sulfur and variations in physical properties are not in 
direct proportion. Unlike the proportion of combined sulfur, none of the prop- 
erties plotted in Figure 1 changes at a uniform rate for any extended time 
interval. State of cure is usually determined by one of various methods, based 
on changes in physical properties, such as those plotted in Figure 1. “a4 

Apparently no simple equation would relate the measure of any of these 
properties with the time of vulcanization. However another property, elonga- 
tion under constant load, can be rather simply related to time of cure. 

If elongations of test-strips representing a series of cures are measured under 
constant load (strain tests), they are found to decrease with increased time of 
cure. In contrast to the curves representing other properties (Figure 1), these 
constant-load elongations bear a simple mathematical relation to the times of 
cure, which is expressed by the equation’: 


(te — to) (Be B®) = (1) 


where t, represents any time of cure, FE, represents the corresponding elongation, 
tp and FE ~ are constants characteristic of each compound. 
In graphic presentation, such an equation traces an hyperbola, as illustrated 
in Figure 2, when the time and elongation units are of equal length. 
Furthermore the rate-of change in elongation per unit of curing time is ex- 
pressed by the equation’: 
dE — 1/k 


dt (ts — to)? 


Obviously, as the time of cure is increased, the value of dE /dt decreases (Figure 
2), and the value of dE/dt at any point on the hyperbola is a measure of the 
state of cure at that point, in contrast to values of dE /dt for all other points on 
the curve. The ratio of dF/dt at any point is the value of the corresponding 
tangent to the hyperbola. The negative sign indicates a negative slope of the 
tangent, the numerical value of which decreases with increasing time. 

All hyperbolas corresponding to Equation (1) extend from infinite elonga- 
tion at time tp to elongation E « at infinite time. The values of dE /dt decrease 
from infinity to zero between these extremes. Fractional distances between 
the extremes may be identified by the slopes of tangents to the curve, the 
dE/dt values. Thus at 45 degrees of all hyperbolas, the rate of change in 
elongation is one percentage unit per minute of cure, and the curing process has 
proceeded halfway from infinite elongation (t, = to) to infinite curing time. 
It is postulated that, at any selected slope, the same state (degree) of cure is 
attained for all compounds, as illustrated in Figure 2. At points P; and P», 
compounds C and B are at the same state of cure (the halfway point) inasmuch 
as the slope of tangents to the curves at these points is the same. Similarly, 
at points P; and P, another equivalent state of cure is attained by both com- 
pounds. 
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Undoubtedly some compounds fail to yield values consistent with this 
postulate. In some instances, by reducing the constant load or lowering the 
temperature of cure below a certain critical point, values may be obtained which 
conform to the typical equation. Whatever the limitations, experience has 
shown that the mathematical calculations yield reliable and significant data 
for many compositions. 
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Fie. 2.—Elongation at constant load (strain test) vs. time of 
cure in minutes for compounds B and C. 


Regardless of the particular property selected for tracing the changes pro- 
duced by increasing the time of heating, each composition progresses from the 
uncured state through a region of undercures, then through a narrow range of* 
good cures and finally into the region of overcures. In the range of good cures 
is theoretically a best or optimum cure. These terms are the usual ones used 
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in describing the state of cure. The degree of overcure or undercure depends 
on how greatly the time of cure differs from the optimum but there is no com- 
monly accepted quantitative measure of the degree of under- or of overcuring. 

As Whitby stated in 1920* ‘‘The term state of cure is intended to indicate 
the position of a cure in a series of progressive cures’. 


TIMES FOR EQUIVALENT CURE 


Usually the expression times for equivalent cure refers to the times required 
to bring compounds to an equally serviceable state of cure. Since there is no 
recognized scale for measuring undercure or overcure it is not possible by 
examination of the usual stress-strain data to compare compounds at any state 
of cure other than their optimums. By means of strain data however it is 
possible to measure the degree of cure and to calculate the times for equivalent 
cure corresponding to any selected state. 
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Fig. 3.—Linear relation between curing time in minutes for compounds A and B. 


If, as postulated, equal rates of change in strain are the criteria of equal 
states of cure, the relative times required to bring two compounds to any 
selected state of cure may be calculated according to the equation?: 


(te): = (to): + (te)2 Vko/ki — (to)2 Vkeo/ki (3) 


where the subscripts, | and 2, represent respective values for two different com- 
pounds. The linear time relation is shown in Figure 3. Here the criterion is 
any selected value of dE/dt. 

A line drawn at a 45-degree angle from the origin will intersect the curve at 
the point representing equal states of cure at the same time of cure. This state 
of cure is not necessarily a useful or desirable one. 

Figure 4 presents the relative curing times in another way. Here time of 
cure is plotted against state of cure, as represented by values of dE /dt. 

The relative times on the two curves corresponding to the points of inter- 
section of a line representing any selected value of dE /dt are the times for 
equivalent cure at the value of dE/dt. Note that compound A attains the rate 
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dE/dt = 1.25 sooner than compound B, but requires a longer time to attain 
the rate dE/dt = 2.75. 
OPTIMUM CURE 


The term optimum cure (the best in the range of good cures) conveys differ- 
ent meanings to different technologists; it has been variously defined‘. The 
most generally recognized criteria for selecting optimum cures of natural rubber 
were: 


1. Maximum tensile strength —This was probably the one most commonly 
accepted for many years. 

2. Maximum tensile product (maximum tensile strength multiplied by the 
corresponding ultimate elongation), advocated by Wiegand‘. Tensile pro- 
ducts approximate the relative energies required to rupture the test-strips. 
Maximum energy of rupture is probably the best criterion for selecting opti- 
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Fia. 4.—Time of cure vs. state of cure for compounds A and B. 


mum cure, although its determination is rather tedious. Wiegand referred to 
the “old fashioned method”’ based on tensile strength, breaking elongation, and 
permanent set (presumably with the objective of high values for the first two 
and low values for set). 

3. The best compromise among high tensile strength, high modulus, and low 
permament set (after constant elongation). This method was adopted for 
natural rubber by the Research Association of British Rubber Manufacturers. 

4. The best compromise between high tear resistance and high ‘stiffness 
index”’® (a form of rigidity measurement) both before and after one year’s 
aging. 

5. In 1939, in summarizing a discussion on “What is optimum cure and how 
should it be determined’’, at a general meeting of the sections of the India 
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Rubber Institute of Great Britain, Cotton‘ presented the following formula: 


4T+2S+M+H 


Optimum cure = 


where T represents time for development of best tensile strength, S = time for 
producing best set, M = time to attain the best modulus value, and H = the 
time at which the best hardness results. 
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Fra, 5.--Selection of optimum cure time (modulus method). 


Obviously, the times selected for optimum cure of natural rubber compounds 
would not be the same when determined by these various criteria. Moreover, 
some of the criteria would probably not apply to compounds of synthetic rub- 
ber. 

A common method for selecting optimum cure is to plot a modulus-time 
curve and to select as optimum the time at which the “break in the curve’ 
occurs. No particular method for determining this break is generally ree- 
ognized, and even from the same set of modulus values, observers will select 
rather widely differing optimum curing times. The plan which for some time 
was the only one followed at the Government Laboratories is illustrated by 
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Figure 5. The line c-d is drawn tangent to the curve and parallel to the line 
connecting the modulus value for a Pong cure (100 or 150 minutes) with the 
origin of the axes®. 

It has been found that the most consistent results and the values closest to 
the optimum cures, t,, selected from strain data, are obtained when the line 
c-d is drawn parallel to the line connecting the 100-minute modulus with the 
origin of the axes. A perpendicular from the point of tangency to the x-axis 
indicates the time of optimum cure, about 40 minutes in this example. If the 
slope of the line from the origin to the 150-minute modulus is used, the optimum 
cure is quite different, about 15 minutes longer in this case. 

The method does not always produce accurate values because of variability 
in drawing the curves and selecting the maximum time of cure for determining 
the slope of the tangent. Essentially, the method consists of finding the point 
on the curve where the change in modulus per unit of time is the average rate 
of change from zero to the maximum point selected. Theoretically, the break 
in the curve should be at the point where the radius of curvature is minimum. 

Optimum cures may be selected also from strain data. Inasmuch as the 
relative times for attaining any state of cure may be calculated (Equation 3), 
the relative times for attaining optimum cure may be thus selected. To deter- 
mine the optimum cure of a stock, t,, the value dE/dt, which corresponds to 
the optimum curing time for some standard compound, is selected and substi- 
tuted, together with the proper t) and 1/k values, in Equation (2) or Equation 


(3) to yield a fourth equation in which the factor, f, equals? VaB/at for the 


selected optimum of the standard compound. 
tp=t+f V1 /k (4) 


The value of f may be selected by each technologist on the basis of experi- 
ence. Once this is selected, however, the corresponding times for optimum 
cures of other compounds tested under the same conditions may be computed. 
The value for f proposed by the author of this method is 0.68. Hence the 
equation becomes: mi 

tp = to + 0.68 V1/k (5) 


The validity of this method has not yet been tested by many compounders, 
but experience at the Government Laboratories indicates its correctness for a 
variety of polymers tested in a number of different ways’. 

It should be emphasized that, in selection of optimum cures by any of the 
suggested methods, no absolute values for modulus, tensile strength, or other 
properties are used as criteria. All values are relative to similar values pro- 
duced in the same compound by different periods of vulcanization. 


BEST TECHNICAL CURE 


Commercial standards to which stocks for particular types of service must 
conform, such as minimum values for modulus, tensile strength, and other 
properties, are set up by compounders. The time required to develop these 
specified properties should lie in the region of good cures, 1.e., close to the opti- 
mum curing time, which has been determined without reference to absolute 
standards of physical properties. If these two times are widely different, 
changes in the compound should be made, either by adjustment of sulfur, ac- 
celerator, and zinc oxide, to alter the optimum curing time, or by changing the 
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kind or quantity of compounding ingredients so as to produce the physical 
properties desired at a cure as close as possible to the optimum time, without 
serious sacrifice of the desired properties. 

When the two objectives are attained at the same time, 7.e., the nearest 
approach to the optimum cure and specified properties for the best technical 
cure, that time would represent the best technical cure. Overcuring a compound 
to attain certain absolute values of properties would result in a material with 
poor aging characteristics. Some compositions cannot be made to meet at 
any cure the optimum properties desired for a specific service. 

As Crawford® has pointed out, “A well-balanced compound will have an 
‘optimum cure range’’’, 7.e., centered about the best (optimum) technical cure— 
“fin which properties of the cured stock change very little, so that, in commer- 
cial operations, reasonable unavoidable variations in time of cure will not 
affect the quality of the stock’”’. 

To illustrate, a compound whose modulus-time curve is flat in the region of 
the best technical cure is more desirable than one that is still rising sharply at 
that time. 


RATE OF CURE 


Frequently comparisons of rates of cure are expressed as the times required 
to bring compounds to their optimum states of cure. Such a method is an 
erroneous application of the term rate. A rate must express quantitative 
changes in some property per unit of time. Examination of the curves in 
Figure 1 shows that the rate of cure, defined as the change in some physical 
property per unit of time, varies from the beginning of the heating period to 
the end. The rate of change of modulus or tensile strength per minute of cure 
cannot be computed by any simple equation, but the change in strain (constant- 
load elongation) can. The rate of change in the latter method is the value of 
dE/dt, i.e., the increment of elongation per unit of time. If 0.68 is the correct 
value in Equation (5), substitution of the value of (t, — to)* derived from this 
equation in: 


yields the value of 2.16 for dE /dt as the criterion for preferred (optimum) cure. 
Two compounds may be curing at the same rate at one time of cure and at 
different rates at all other cures. For example: 


1/k dE /dt 
Compound . (%) At 25 min. At 50 min. At 100 min. 


A 5402 8.64 2.16 0.54 
B 3469 15.40 2.16 9.48 
rate A 


Ratio of vate B — 0.56 1.06 1.13 

These data are illustrated in Figures 4, 6a, and 6b. (In Figure 6b the 
time and elongation units are not the same length.) 

It is not necessarily correct to state that, because two compounds attain the 
same modulus or tensile strength in the same time, they are curing at the same 
rate; nor is it correct to assume that two compounds of the same optimum cure 
selected on the basis of dE/dt = 2.16 are alike in curing rate at any other time 
than the optimum. 
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Fig. 6a.—Time of cure vs, relative rates of cure, compound A/compound B. 
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Fia. 6b.-Time of cure vs. elongation at constant load, %. 


LEVEL OF CURE 


In comparing curves similar to those shown in the schematic Figure 7, some 
technologists have asserted that because at time ¢ the modulus of M is greater 
than that of N, compound M is curing at a higher rate. 

As shown in the figure, at time ¢t the change of modulus per unit of time for 
compound M is less than for compound N (its slope is smaller); that is, M is 
curing at a lower rate than N. Nevertheless compound M attains its optimum 
cure Oy sooner than compound N reaches its optimum, On. The comparative 
modulus levels attained by two compounds at any time are not criteria of their 
relative rates of cure or of their relative states of cure. In this instance, com- 
pound M is at a higher level of cure than N at all times. 
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Fig. 7.—Relative curing rates of compounds M and N. 


It has been suggested that distinction should be made between variations 
in modulus levels resulting from different amounts of vulcanizing ingredients 
and from different types or amounts of fillers. It was also suggested that 
levels of cure of different compounds should be compared at the same state of 
cure rather than at the same time of cure. 

To show the difference in the relative positions of modulus values when 
plotted against time of cure and against state of cure, Figure 8 is presented. 
These curves for compounds K and V are based on data for compounds differing 
only in the variety of carbon black contained. The curves for modulus plotted 
against dE /dt values are nearly parallel, whereas those plotted against time of 
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Fic. 8.— Modulus vs. state of cure and modulus rs. time of cure curves for compounds K and V. 
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The abscissa scale applies to both time and 


cure obviously are not parallel. 
dE/dt values. 


BRIEF DEFINITION OF TERMS RELATED TO CURING 


State of Cure (degree of cure) is described by the terms undercure, overcure 
and good, optimum, or correct cure, depending on the values obtained by measur- 
ing some physical property of a series of specimens of a compound cured for 
different periods of time. Strain (constant-load elongation) data offer a simple 
method of calculating all states of cure mathematically. 

Times for Equivalent Cure are usually considered as the relative times re- 
quired for optimum or best technical cures of different compounds. Strain 
data make possible a ready comparison of the times required to bring com- 
pounds to any selected state of cure. 

Optimum Cure has been variously defined, and still has different meanings 
to various technologists. Strain data make possible calculation of optimum 
cures of compounds in comparison with a standard which each technologist 
may select for himself. In the past, technologists studying the same sets of 
data have assigned widely different times of optimum cures. From a given set 
of strain data, solution of an equation for optimum curing time can yield only 
one result. 

Best Technical Cures are those which produce desired properties to specified 
quantitative levels at times as close as possible to the optimum cure. 

Rate of Cure at any selected time is measured by the amount of change of 
some physical property which is occurring per unit of time at that point. 
Graphic methods have been used to determine rates of change of modulus, 
tensile strength, or other physical properties, but more accurate results are 
obtained by calculation of rates from strain data. 

Levels of Cure are measured by the absolute values of properties such as 
modulus, tensile strength, or strain, and are usually compared at equal times 
of cure. Strain data make it possible to compare levels also at equal states of 
cure. Relatively high levels at a selected time do not necessarily indicate 
higher rates of cure, as is often assumed. 
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THE LOAD DEPENDENCE OF RUBBER FRICTION * 
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INTRODUCTION 


It has been known for some time that the friction of rubber does not obey 
the classical laws of solid friction, but it appears that only two investigations 
have been reported in the literature in which this subject was treated systemat- 
ically. Roth, Driscoll, and Holt', working with rubber compounds of the tire 
tread type, investigated the velocity dependence, and Thirion*, working mainly 
with unloaded vulcanizates of rubber, studied the influence of the normal load 
on rubber friction. The results may be summarized by saying that the co- 
efficient of rubber friction on glass increases with increasing velocity, and de- 
decreases with increasing normal load. 

In this paper, we shall present experimental evidence that the load depend- 
ence of rubber friction can be satisfactorily explained by the assumption that 
the frictional force is proportional to the true area of contact between rubber 
and track. 


THE AREA OF CONTACT 


THEORETICAL 


In the case of ordinary solids® the irregularities of the surfaces make the 
true area of contact between contiguous bodies smaller than the apparent area 
where they touch. The same assumption will be made with regard to the true 
area of contact between rubber and a hard track, which is, however, assumed 
to be ideally plane. The specimen will then be supported on its surface asperi- 
ties, which will be increasingly compressed with increasing load, and the accom- 
panying squeezing out of the asperities on the track will increase the true area 
of contact. We shall deduce the load dependence of the true area of contact 
by assuming the surface asperities to be hemispherical. 

Let each hemisphere cover an area A of the base, and let its true area of 
contact under the load W be a. Since the elastjuehehavior of rubber at small 
deformations can be adequately described in terms of a single modulus M, we 
can write, from dimensional considerations, a/A = f(W/MA) in order to have 
dimensionless quantities on both sides of the equation. That is to say, the 
ratio a/A depeads only on the pressure W/A; if furthermore the number of 
hemispheres per unit area is inversely proportional to A, the total area of con- 
tact contributed by all the hemispheres is independent of their size and de- 
pends only on the normal load. It will be seen, therefore, that the relation 
between the area of contact and the normal load can be found experimentally 
by carrying out model experiments with hemispheres of a convenient size. 


* Reprinted from the Proceedings of the Physical Society (London), Vol. 65, Section B, pages 657-661 
(1951). 
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EXPERIMENTAL 


The hemispheres employed by us for this purpose had a diameter of 3.8 em.; 
they were compressed with a transparent plate which had a scale engraved on 
it for the measurement of the diameter of the circle of contact. 

We experimented with three different unloaded vulcanizates of natural 
rubber compounded to give samples of different hardness and we shall refer to 
them briefly as hard, mediv, and soft rubber. Details of the compounding 
formulas and conditions of cure are given in the Appendix. Following tech- 
nological convention, we specify the hardness of the rubbers by the value of the 
stress referred to the original cross-section, necessary to elongate a test-piece 
by 300 per cent, and call this quantity M300. The values of M300 were 50, 21, 
6.4 kg. per sq. em. for hard, medium, and soft rubber, respectively. 
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Fig. 1.—Diameter of the circle of contact d plotted against W'. 


The results of the model experiments are shown in Figure 1, in which the 
diameter of the circle of contact d is plotted against the cube root of the load 
W. It will be seen that the graphs of Figure 1 are straight lines, so that we 
have the empirical result: 

da (1) 


It will be remembered that, in elassical elasticity theory, Hertz’s formula for the 
small deformation of a soft sphere by a hard plane is given by d = 2.2(Wr/2E)!, 
where r is the radius, and E is Young’s modulus of the sphere. It is noteworthy 
that an equation of this form should still hold in the case of the large deforma- 
tions encountered here. 


THE COEFFICIENT OF FRICTION 
If the area of contact is given as a function of the load W and if, according to 
our assumption, the frictional force is proportional to it, then the coefficient of 
friction uw is, by definition: 

= c'a/W (2) 
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ADHESION AS A FUNCTION OF LOAD 


Fig. 2.—View of the sample. 


where c’ is an unknown factor. Taking into account the results of Figure 1, we 
substitute Equation (1) in Equation (2), introduce a new factor c, and have: 


w= (3) 


where c has to be determined by experiment for any one velocity. 

The velocity dependence of rubber friction makes it very difficult to measure 
the static coefficient of friction, for it is almost impossible to determine the exact 
value of the tangential stress under which the sample begins to move. We 
decided, therefore, to measure the dynamic coefficient of friction. The experi- 
ments were carried out with equipment very similar to that of Roth, Driscoll, 
and Holt', but in our case the track was supported on vertical cantilever springs 
by the deflection of which the frictional force was measured. The track was 
covered with plate glass, which was carefully cleaned with acetone by a standard 
technique after each rung. The samples had an area of about 3.4 sq. em. and 
had the form shown in Figure 2, which is a perspective view of the sample as 
seen from underneath. The surface has been divided into two runners in order 
to produce as broad a supporting area for the weights constituting the normal 
load as was possible in the circumstances. 

When the sample moves, it is strained in simple shear by the frictional force, 
and if no precautions are taken, the rear edge of the sample will trail behind and 
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Fia. 3.—Coefficient of friction 4 plotted against normal apparent pressure. Full lines, theoretica 
curves calculated as: hard rubber, 2.39p~4; medium rubber, 2.20p~+; soft rubber, 1.90p*4. 
Dotted line, experimental points for the hard rubber. 
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be under a lower pressure than the rest of the surface, the pressure on which 
increases correspondingly. To obviate this source of error the ends of the 
samples were chamfered, as shown in Figure 2. The heights of the runners 
and of the supporting plate were each 7s inch. In order to obtain a standard 
rugosity of the rubber surface, the samples were molded against a ground-glass 
plate, as was done by Roth, Driscoll, and Holt’. 

The velocity at which the measurements were made was in all cases 2.16 X 
10-* em per sec. It had to have a comparatively low value if vibrations and 
stick-slip phenomena were to be rigidly excluded. 

It is invariably found that, during the course of an experiment, the frictional 
force increases as the sample travels along the track. The force increases, 
however, at a diminishing rate and becomes sensibly constant after the sample 
has traversed about 10 cm. Nevertheless it is not always easy to say whether 
the force has in fact become constant; fortunately, the final value is reached 
progressively earlier in successive experiments, and we repeated our measure- 
ments in rotation until the results became reproducible. 

The results are shown in Figure 3, where the full lines are the expected curves 
calculated by means of Equation (3), with a factor c chosen to give the best fit. 


DISCUSSION 


The two softer compounds fit the theoretical curves of Figure 3 reasonably 
well, considering that there is only one arbitrary constant by which the adjust- 
ment has been effected. This agreement is good evidence that in the case of 
soft rubbers, and within the range of normal loads employed here, the frictional 
force is proportional to the true area of contact. There is, therefore, a formal 
analogy between the friction of rubber and of metals’. The load dependence of 
rubber friction can be described by Equation (3), which is based on Hertz’s 
equation for the deformation of spheres, and it should be mentioned that such a 
relation has been suggested by Bowden for rubber‘. It is interesting to note 
that the friction of diamond obeys a similar law. 

The departure of the hard rubber from the theoretical curve is most pro- 
nounced at lower loads, and is most probably due to the following cause. It 
has been assumed that all surface asperities are identical and that all are in 
contact with the track even under the lowest loads. There is, however, certain 
to be a statistical distribution in the size of the asperities, so that under a small 
load the sample will rest only on the tallest asperities; the smaller asperities 
will gradually come into contact with the track as the load is increased. The 
true area of contact and the frictional force under low loads will, therefore, be 
smaller than in the ideal case. The effect would be expected to be most pro- 
nounced with hard compounds, where, in fact, the mechanism of friction begins 
to resemble ordinary solid friction with a constant coefficient of friction. 

Our results cannot be compared directly with those of Thirion?, who worked 
at higher normal loads. The load dependence of the coefficient of friction 
above, say 3 kg per sq. cm., is, according to Thirion, given by 1/u = a + bp, 
where a and 6 are constants. It will be seen immediately that, at sufficiently 
high loads, the frictional force becomes essentially constant. This is under- 
standable from our point of view because the deformation of the surface asperi- 
ties cannot continue indefinitely at the rate given by Equation (1), but the area 
of contact must eventually reach a limiting value. 
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ADHESION AS A FUNCTION OF LOAD 


SUMMARY 


It is shown experimentally that the load dependence of rubber friction can 
be explained as being due to the load dependence of the true area of contact 
between rubber and track if the surface asperities of the rubber are assumed 
be hemispherical. 
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APPENDIX 


The samples contained the following ingredients expressed as parts per 100 
parts of rubber; all samples were vulcanized at a temperature of 140° C. 


Hard rubber Medium rubber Soft rubber 


Sulfur 4.0 2.5 — 
Accelerator Mercapto- Santocure, 0.6 Tetramethylthiuram 
benzothiazole, 0.5 disulfide, 1.5 
Dipheny]l- 
guanidine, 1.0 


Zine oxide 5: 5.0 2.25 

Antioxidant Nonox-S, 1.0 Phenyl-p- 
naphthylamine, 1.0 

Stearic acid 1.0 1.0 0.1875 

Time of cure (min.) 40 50 60 
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STATISTICAL MECHANICS OF RUBBER * 
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INTRODUCTION 


It was not until the proposal of the statistical theory of Guth and Mark! in 
1934 and Kuhn? in 1936 that a satisfactory explanation of the elastic properties 
of rubber was available. Since then, papers by Treloar*, Flory’, Guth and 
James®, and many others have extended their ideas. For all these theories the 
statistical treatment is based on the assumption that rubber is formed of chain 
elements which do not interact with one another except through the chain 
links. This has been justified by the argument that the variation in potential 
energy of the chain elements resulting from near neighbor interaction between 
nonlinked neighbors is negligible in the interior of the rubber. It has, of 
course, been recognized almost from the start that such a model could not 
predict all of the properties of rubber any more than the properties of a liquid 
can be predicted from those of a perfect, even though dense, gas. To account 
for the approximate incompressibility of rubber in these treatments it has been 
necessary to superimpose some special additional assumptions. Usually the 
partition function of chains is deduced from statistical considerations, and the 
volume is assigned as an arbitrary function of the temperature, similar to that 
characteristic of liquids of similar density and composition. 

In this paper we shal! attempt to validate this procedure by integrating the 
theory of chains with existing theories of liquid structures, notably that of 
Lennard-Jones and Devonshire®. In subsequent papers we shall show how 
somewhat more elaborate theories of liquid structures give even better results. 
Despite the obvious imperfections of the present theories of liquid structure, 
they are, nevertheless, sufficiently refined to throw considerable light on the 
more primitive concepts of the structure and properties of rubber. We shall 
start out by assuming that the macroscopic properties of the system can be 
deduced from the canonical ensemble of Gibbs, and we shall show how certain 
approximations lead quite naturally to the existing theories. 

Let us suppose that we have a set of long chain molecules tied together to 
form an irregular three-dimensional network. It is just such a network which 
is usually supposed to account for the properties of rubber. We know that 
the total energy H in such a system of chains would be given as a sum of the 
kinetic and potential energy: 


H= Ay + (1) 


where the p,; are the generalized momentum coordinates and the q; the general- 
ized position coordinates. The matrix elements A,; are functions of q:---qn, 
and the external parameters. They are functions of the external parameters 


* Reprinted from The Journal of Chemical Physics, Vol. 20, No. 4, pages 632-636, April 1952. 
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because the ends of some chains may be considered to be fastened to the ex- 
ternal boundaries which consequently appear as external restrictions on the 
movements of the chains. Moving the outer boundaries of the sample con- 
sequently changes these restrictions which limit the motion of the chain seg- 
ments. V(qi---qn), on the other hand, is the potential energy of these elements 
with respect to one another. It is this quantity which is neglected in the 
previous theories of rubber. 


THE PARTITION FUNCTION FOR RUBBER 


It is known from statistical mechanics that the Helmholtz’ free energy 
will be given by the expression in Equation (2): 


A= (2) 


Our object is to find suitable approximations for the integral appearing in 
Equation (2), which is the partition function. We shall see that the nature of 
the approximation which we use determines the type of behavior predicted and, 
further, that each approximation which we shall discuss is related rather di- 
rectly to approximations used in existing theories of the liquid state. This will 
permit us to inset the corresponding expression for liquids into the partition 
function of rubber and thus lead quite naturally to a more complete description 
of its behavior. 

If we substitute the expression given in Equation (1) into the partition 
function we obtain Equation (3): 


, 


Now it has been shown’ that if we integrate first with respect to the momenta 
alone, Equation (3) takes the new form given in Equation (4): 


eee 
f exp | qn) | aa (4) 
hn kT 
where (a;;) represents the inverse of the matrix A;; and |a;;{ represents its 
determinant. This is, of course, a perfectly general expression, in ‘which 
nothing has been neglected aside from the internal structure of the individual 
elements. If the interaction potential V(q:---q,) is vanishingly small, then 
Equation (4) becomes Equation (5): 


n/2 


It can be shown that this is identical with the expression that would be 
obtained in any specific case from the hypothesis of noninteracting chains. 
That this must be so follows among other things from the work of Frank on the 
nature of entropy’®. 

In a dense disordered aggregate, such as we suppose rubber to be, when 
there is no crystallinity present, it is usually assumed that the potential energy 
of the intermolecular forces is adequately approximated by assuming that it is a 
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sum of terms, each of which depends on the relative distance and orientation 
between molecules. Unfortunately it is quite difficult to solve the integrals 
that are obtained under these assumptions, so further approximations are nec- 
essary. It is, however, possible to use other approximations which have al- 
ready proved successful in the calculation of the partition functions for liquids. 
These allow the development of general relations between the partition function 
of rubber and that of a liquid formed of particles which are not tied together, 
but which have the same intermolecular forces. 


RELATION TO THE THEORY OF LENNARD-JONES 
AND DEVONSHIRE 


One of the simplest and most successful approximations which has been 
made for the intermolecular potential field of liquids is that of Lennard-Jones 
and Devonshire, in which the contribution to V of all but nearest neighbor pairs 
is neglected. is further approximated by a sum where is a 
potential of spherical symmetry obtained by averaging all the near neighbor 
contributions over all configurations. This approximation has, of course, as 
principal advantage the simplicity of the results to which it leads. It results 
directly in a partition function, which is the product of the partition function 
of a chain network, the partition function of a liquid, and an additional factor 
depending on the volume. It is clear that such an expression leads to the 
constancy of volume which is one of the outstanding characteristics of rubber 
as it is of liquids. It also leads to the familiar expression of the stress-strain 
relations. The assumption that such a partition function is possible has been 
implicit in all previous statistical theories of rubber. 

According to the Lennard-Jones and Devonshire theory, the potential of an 
element becomes very large when it leaves the center of the spherical ‘‘cell’’. 
Consequently, one would expect that this would happen relatively infrequently. 
On the other hand, |a,,{!, being a slowly varying function of the variables 
qi°*°Qn, does not change greatly when the potential energy of one of the chain 
elements deviates from its minimum. If we integrate, therefore, each chain 
element merely over the volumes of the cell which it is occupying, we obtain a 
simple expression for the partition function which is given in Expression (6): 


1 


| 


where V,,, is the potential of the chain element as a function of the distance r; 
from the center (potential minimum) of its cell and dr, is the volume element of 
i. As the integration has been carried out, it is assumed tacitly that the chain 
element is confined to a given cell by its near neighbors which create a potential 
barrier; |a;;/4 could, therefore, be assigned the value which it has when each 
chain element is at the center of the cell it happens to be occupying. Since 
interchange of elements between cells must be considered possible, we must 
sum up all these configurations giving the partition function in Equation (7): 


2, = TT f exp | | ar @) 


n 


qu°**n, are the values assumed by the variables q; when the chain elements 
are in the kth set of cells. If we replace the summation by integration of the 


Z 
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variables q,---q, over the volume of the sample, then Equation (7) will become 
Equation (8): 


Z, IT exp iT dr, (8) 


where 2; is the volume of the unit cell. Let v be the total volume, 7 the absolute 
temperature, L,, L,, L, the lengths of the sample in the x, y, and z directions. 
If we make the substitutions: 


Q0T) = f exp [ | ars C(LekyL,) = f f @ 


we obtain the expression in Equation (10) for the partition function of rubber: 


Z, = C(Ly, Le, | (10) 


This has the form postulated. To see that this must be the case it will suffice 
to write the partition function for a liquid on the same assumptions. This is 
given in Equation (11): 


1 200) 


Equations (10) and (11) differ in the fact that one has the partition function 
for a chain divided by v;* as a factor and the other has 1/N!. The differences 
occur, therefore, in the term which expresses the communal entropy. The 
communal entropy in rubber depends on the external parameters, and in par- 
ticular on the external stresses. It is this which gives rise to the characteristic 
elastic properties. If now we find expressions for the Helmholtz free energy 
for both these systems, we will obtain Equations (12) and (13): 


--ar|* Nlog loge + tog 2] (12) 


3N 2armkT 


A, =-—kT EB log = log N! + N log a| (13) 


A, is the Helmholtz free energy of rubber and Az that of the corresponding 
liquid. By elimination between (12) and (13), it is possible to obtain Equation 
(14): 

GN _ 3N 


A, = A, — kT 2rm 


+logC—WN log log N | (14) 


We know from previous work that log C is equal to NI'(L,? + L,? + L,) 
where I’ is a constant proportional to the concentration of crosslinks in the 
system and L,, L,, L, are the dimensions of the sample. If the forces acting on 
the sample are F,, F,, and F, in the zyz (direction, respectively, then we must 
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have F,: 


F, = NkT (15) 


Similar relations hold for F, and F,. If F, and F, are 0, we obtain the usual 
equation for the stress-strain relations: 


v 
20NkT = F, (16) 
If we wish to calculate the volume of the sample of rubber as a function of the 
temperature, we can first obtain an expression for the pressure by writing 
L, = Ly = L, = v5; then we will obtain Equation (17) for the pressure: 


0A, NkT 


— + — 
Ov 


(17) 


The volume is, of course, obtained by setting Equation (17) equal to 0. If we 
make the dubious assumption that van der Waals’ equation is a valid approxi- 


as a function of bk7'/a for different values of 


mation for the equation of state of a liquid at high temperature and small 
volumes, it is possible to obtain an equation which when solved gives us a 
qualitative idea as to how the volume behaves as a function of the temperature. 
The relation is shown in Equation (18), and its solution is plotted in Figure 1: 


(v/b)} — (v/b)*kT 


(18) 


It is evident that at high temperatures the volume approaches a constant, 
while at low temperatures there is a temperature coefficient of expansion. The 
volume obtained is of reasonable magnitude, something of the order of 6b. It 
increases with the temperature and decreases slightly with increasing modulus; 
that is, with an increasing number of cross-links. Both of these effects have 
been observed. Had a better equation of state been used, we would obtain 
still more plausible results, but much numerical work would be required. 
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THE THEORY OF SWELLING 


If rubber is immersed in an appropriate solvent, it absorbs the solvent and 
increases in volume. The degree of swelling is related to the number of cross- 
links in the sample and to the nature of the solvent. The expression of Flory 
and Rehner’® relating the percentage swelling of the sample to the energy of 
interaction of the polymer and the solvent can be obtained from the model of 
rubber which we are developing, as we shall show. There are many other 
possible theoretical developments which will occur to the reader, and which 
can be carried out without great difficulty. 

Let us suppose that there are, in the interior of the polymer sample, two 
types of spherical molecules, of which types one is strung in an irregular net- 
work, and the other is completely free to move about. The partition function 
of such a system will be given by Equation (19) which is similar to Equation 


(4): 
3N2/2( J.J’) (n’+3N2)/2 
Z, = (24m) (kT) f (19) 


n' is the number of degrees of freedom of the network of NV; units and N, is the 
number of unattached units. We divide by N»! because of the free interchange 
of the molecules 2, but we do not divide by N,! because this type is tied to- 
gether in long chains. We have two types of cells in such a system. Let us, 
therefore, divide our sample into N, cells of volume v; having the first type of 
molecule at their center, and N2 cells of volume v2 having the second. Let V, 
be the potential field acting on the particle in the cell of type 1, and V» be that 
acting on the particle in the cell of type 2. If 2) = S exp (— Vi/kT)dr, and 


Q, = S exp (— V2/kT)drz by a reasoning similar to that previously used, we 
obtain the partition function given in Equation (20): 


_ (2mm) 


=z hn’ + N2v2)/Ni)™! 


Z, (20) 


Since the average potentials V; and V, depend on the composition of the sam- 
ple, this must also be true of 2; and Q,. The total volume v is, of course, equal 
to Ni; + Nove. Following the procedure which we used in the previous case, 
let us write the partition function for a liquid mixture similar to the polymer. 
This partition function is given in Euqation (21): 


NiQ 
NIN (21) 


The chemical potentials of the second component of the rubber and of the cor- 
responding liquid are obtained by differentiating the logarithms of Equations 
(20) and (21) with respect to V2. We can eliminate the terms in Q; and Q, 
between these two equations, which gives us Equation (22) : 


Ov 


In Equation (22) yu, is the chemical potential of component 2 in the rubber, and 
wy is the chemical potential in a similar liquid. 

If the swollen rubber is in equilibrium with the liquid phase, the chemical 
potential u, must be equal to the chemical potential us of the liquid in the pure 
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state. If, in addition, we suppose that log C = 3N,Iv!, as we did in Equation 
(17), we obtain Equation (23): 


E ( v ) kT (23) 


where vo is the volume of the unswollen sample. Equation (23) indicates that 
the percentage swelling would increase as ys approaches wz This is, of course, 
what we would expect. The expression does not hold exactly when ws = uz, 
because at this point it predicts that the percentage swelling should be infinite. 
This means that the chains would be infinitely extended. The Gaussian ap- 
proximations for the number of chain configurations which give log C = Ni I'v! 
is not valid, so the theory of the finite chain should be used. 

Equation (23) is closely related to the results obtained by Flory and 
Rehner’®. Its advantages are that it is valid for molecules of different volumes 
and that it justifies the use of partition functions of liquids which are already 
known in the calculations of the partition function of rubber. It also justifies 
the use of these calculations of certain empirical or semiempirical relations 


1.0 


Fie. 2.—Ratio of partial pressure of solvent P’ in rubber to the vapor pressure of pure solvent Po 
as a function of volume fraction of solvent. 


which have been found to be applicable to liquids. In this way it is possible 
to extend considerably the theory of high-polymer solutions. We illustrated 
this point for a one-component system when we used van der Waals’ equation 
to calculate the volume of rubber as a function of the temperature and the 
number of cross-links. We shall illustrate this again by calculating the partial 
pressure of a solvent over a solution of rubber in the solvent as a function of the 
volume fraction. 

If we let v; = v2, Equation (23) can be rewritten to give us Equation (24): 


paul exp + z) (24) 
Po Po 

where p is the partial pressure of the solvent over a solution of which one com- 

ponent is essentially the monomer, and the other solvent p’ is the partial pres- 

sure over the swollen polymer, and po is the vapor pressure of the solvent. zis 
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the volume fraction of the rubber. It is possible to substitute for p/po expres- 
sions for the partial pressure of the liquid mixture of the monomer and the 
solvents which may be obtained from the theory of liquids or from direct 
measurements. 

If we use the expression calculated from the theory of strictly regular solu- 
tions developed by Rushbrooke", then we can calculate p’/po, and we obtain the 
set of curves given in Figure 2. These curves have been calculated with the 
assumption that the number of cross-links is negligibly small. p’/po is plotted 
for different values of 2W4p/ZRT, where W 4p is defined by Rushbrooke as the 
energy required to change a pair of like molecules of one type (AA) and a pair 
of molecules of a type (BB) into two pairs of type AB. It is, therefore, closely 
related to the difference in cohesive energy density. Z is the number of nearest 
neighbors of a given molecule. We see that, when 2W4,/ZRT is sufficiently 
small, there is always a one-phase system. However, when 2W4z/ZRT in- 
creases, the system separates into two phases, one of which is pure solvent, the 
other the polymer solution. 


CoH, 

e CHCL3 
oCCl, 


Fig. 3.—Ratio of partial pressure of solvent P’ in rubber to the vapor pressure of the pure 
solvent Po as a function of volume fraction. 


If the number of cross-links is appreciable, the curves plotted in Figure 2 
are all raised above the values which we have given. If the degree of swelling 
is large, it would, as was previously indicated, be necessary to use the partition 
function for a finite chain rather than a Gaussian approximation. In any case, 
the effect of the cross-links is to reduce the swelling, a result which is, of course, 
familiar. In Figure 3 we have a comparison between the partial pressure of 
various solvents in rubber for various volume fractions. The solutions are 
supposed to be ideal. The data are taken from the article of Lens’. It can be 
seen that the results fit the experimental facts. 


CONCLUSIONS 


The existing theories of rubber can be related to the theory of liquid structure 
of Lennard-Jones and Devonshire, and approximate relations can be found 
between the partition function for a liquid formed of interacting spheres and a 
rubber model consisting of chains of spheres, in which the forces of interaction 
are the same. These results allow us, among other things, to explain the in- 
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compressibility of rubber. Although this work, so far, has not yielded anything 
essentially new, it places on a much firmer basis the relations which have pre- 
viously been obtained for the modulus and the swelling of rubberlike materials. 

We have not touched, in this paper, on the possibility of explaining the 
different transitions which are known to occur in elastomers. Although it is 
formally possible to suppose that, below a certain temperature, free interchange 
of particles becomes impossible, one cannot predict a priori at what tempera- 
ture this would occur. A recent discussion of this same point in connection 
with the theory of liquids was published by Kirkwood'*. This immobilization 
of chain elements would, however, clearly lead to embrittlement. In a sub- 
sequent paper we hope to consider the results of using, not the simple model of 
Lennard-Jones and Devonshire, but a model in which the mean force of inter- 
action between pairs is used. 


SUMMARY 


It is shown in this paper that, above the second-order transition, the parti- 
tion function of a rubber can be represented to a reasonably good approximation 
by the product of the partition function of a liquid formed of molecules similar 
to the chain elements and the partition function of the noninteracting chains 
divided by the partition function of a perfect gas. In terms of the free energy 
this means that the free energy of rubber is equal to the sum of the free energy 
of the chain network without interactions and that of a liquid formed of the 
chain elements alone minus the free energy of a perfect gas having the same 
number of molecules as the rubber has chain elements. 

This same procedure has made possible the calculation of the free energy 
and partial pressure of a rubber solution. This is, however, by no means the 
only possible application. All the thermodynamic properties of elastomer 
solvent systems can be obtained. 

This is a generalization of the methods previously used in the statistical 
studies of rubber and rubber solvent mixtures. 
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A GENERALIZED FLUIDITY POWER LAW AND 
LAWS OF EXTRUSION* 


M. Mooney anp A. BLack 


GenerRAL Laporatories, Untrep States Russper Co., Passaic, New Jersey 


INTRODUCTION 


Extrusion operations are quite common in the rubber industry. They are 
performed, not only in the ubiquitous continuous extruder, with the rubber 
pressed through by a rotating worm, but also in piston-operated devices, such 
as the extrusion plastometer and the piston injector for injection molding. 

The present paper deals with the rheological theory of extrusion and the 
empirical laws of extrusion, observed with raw rubber stocks. According to an 
empirical law in the rheological literature', the extrusion through a cylindrical 
tube is proportional to a power of the extrusion pressure. Such a power law of 
extrusion can be theoretically derived for the cylindrical tube? if it is assumed 
that the fluidity of the material extruded is proportional to a power of the shear- 
ing stress, in accordance with the Porter-Rao® fluidity power law. 

In the theoretical sections of the present paper, the rheological theory will 
be extended to include a three-dimensional generalization of the fluidity-power 
law. On the basis of the original two-dimensional law and the three-dimen- 
sional generalization of it, various theoretical extrusion power laws are de- 
veloped. The effect of surface slip is included in some of the analyses. 

In the experimental section of the paper, extrusion rates are reported for a 
range of pressures and a series of circular tubes of various radii and lengths, 
the shortest length being only 3'3 inch. The experimental work is designed to 
distinguish between the entrance pressure drop and the pressure drop along the 
length of a tube, and to permit a calculation of surface slip. 


MATHEMATICAL DERIVATIONS 
TWO-DIMENSIONAL FLOW 
The fluidity power law has the form: 
= fr" [1] 


where s is the rate of shear in a two-dimensional flow, 7 is the shearing stress, 
and f and n are empirical constants. 
Equation [1] is equivalent to: . 
fr [2] 
where ¢ is the fluidity. 


While this relationship, in accordance with custom, is referred to in this 
paper as a fluidity “law’’, the relationship is actually only an empirical equation 


* Reprinted from the Journal of Colloid Science, Vol. 7, No. 3, pages 204-217, June 1952. This paper 
was presented at the Annual Meeting of the Society of Rheology, Chicago, Illinois, October 24-27, 1951. 
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which can be fitted approximately to the published two-dimensional flow data 
for many non-Newtonian fluids, including raw rubber in its working tempera- 
ture range and within the stress range‘ from 104 to 10° dynes per sq. cm. 

Probably the law fails completely in the limit as r— 0, where it indicates 
zero fluidity ; but such a failure is not important in many practical applications. 

In applying this law in the derivation of an expression for the efflux through 
a cylindrical tube as a power of the pressure gradient, it is desirable, in the case 
of raw rubber, to take account also of surface slip. Published literature con- 
tains no reports of measured or observed slippage, but its existence can be in- 
ferred from the fact that commercial extrusion operations are normally carried 
out for hours at a time without any trouble due to scorching of the raw stock in 
contact with the hot metal surfaces of the extruder. 

The general Equation [2] for the efflux from a cylindrical tube, with slip 
included, as given by Mooney’, is: 


V(T) 


4 = — 
T? Jo + a 


[3] 


where Q, is the absolute efflux, a is the tube radius, ¢ is the fluidity at shearing 
stress 7, 7 is the value of 7 at the tube wall, and V(7’) is the velocity of slip at 
shearing stress 7. The characteristic efflux, E., has the dimension of reciprocal 
time and is therefore of zero dimension in length. 

When ¢ as given by Equation [2] is substituted in Equation [3], we obtain: 
V(T) 


a [4] 


E. 


For the case V = 0, this equation is the same as that recently published by 
Eccher?. 

Let us now consider a delivery tube having a rectangular section large in 
width, W, in comparison with the breadth, 2b. If we neglect end effects in 
this narrow slit section and follow the same mathematical procedure as that of 
Mooney®, we are led to the following general expression for the efflux from a slit 
tube: 


Q, V(T 
1, = = if grdr + [5] 


The notation corresponds to that in Equation [1]. Now substituting from 
Equation [2], we are led to: 
V(T) 
E, = 
n+2 b 


[6] 


THREE-DIMENSIONAL FLOW 


The problems we have treated so far are two-dimensional problems. When 
we come to consider three-dimensional flow, such as the flow within an extrusion 
chamber toward the exit hole or tube, the Porter-Rao law requires generaliza- 
tion. Probably the general fluidity is, strictly speaking, a tensor and has the 
same complexity as the elasticity of a rhombic crystal. However, in the ab- 
sence of definite knowledge on the point, we shall assume that the fluidity is 
approximately a simple scalar. 

The problem that remains is to express the fluidity as a function of some 
invariant of the rate of strain tensor that will reduce to the power law of 


= 
4 
: 
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Equation [1] or [2] for the two-dimensional case. We choose: 
= (7] 


where W is the local rate of energy dissipation by the viscosity, and g and n are 
constants. 
When the dilatation is zero, W has the form, in Cartesian coordinates: 


W = + Zs ir [8] 


where e,; and s;, are the rates of elongation and shear, respectively, the 7; are the 
shearing stresses, and the o; are the normal stress deviations from the mean 
normal stress. 

On the assumption that the fluidity is a scalar: 


= [9a] 


Tik = [9b] 


From Equations [7], [8], and [9], it easily follows that the fluidity can be 
expressed in either of the two forms: 


g= [22e,? + /2" [10a] 


The invariant functions in the brackets of Equations [10] are, except for a 
numerical factor, the octahedral rate of shear and the octahedral shearing 


stress, respectively. The fluidity power law expressed by Equation [7] in 
terms of W is, therefore, equivalent to the power law of steady creep for metals, 
proposed by Nadai®, and expressed in terms of the octahedral shearing stress 
and shearing rate. 

For simple shear referred to the j,k axes, Equation [106] reduces to: 


while Equation [9b] then gives: 
These two equations are equivalent to [1] and [2], respectively, with: 
f = [13] 


Let us now consider an elongation in the i-direction, combined with a uni- 
form contraction in the jk-plane, produced by a unidirectional stress o operating 
in the i-direction. 

Oo; = 


Cy = [14] 


Equations [9a] and [106] then yield: 


(n+1)/2 a” 
(5) 
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If Equations [12] and [15], with the appropriate experimental data, are 
found to give the same values of n and g, then the assumed scalar character of 
the fluidity would be, to that extent, proved valid. 

The general field equation for the three-dimensional flow of a non-Newton- 
ian, incompressible liquid with a scalar fluidity can be written, in vector nota- 
tion: 


1 
Vp = 4 + [16] 
where 
Vv [17] 
Ox 


and p is the pressure. Equation [16] may be derived from Weatherburn, for 
example, Equation (36’) Chap. VIII and previous equations. The factor 1/¢ 
must be brought under the operator A because ¢ is not in our work a constant. 

In problems in which the flow lines cannot be determined except by solving 
Equation [16] the complete solution will be quite difficult. However, some 
further advance in the general theory can be made by a dimensional analysis of 
Equation [16]. 

Let us suppose that this equation with a particular set of boundary condi- 
tions has a solution; and then let us consider a similar problem in which the 
geometry, the boundary stresses, and velocities are magnified by certain 
factors. We shall prove the following: 

Theorem.—If the fluidity of a liquid is proportional to the (n — 1)/(n + 1) 
power of the instantaneous local rate of work, and if; in any deformation or flow 
process, all dimensions are multiplied by a factor uw and all boundary stresses by 
a factor a, then the flow pattern will be magnified by the factor u but remain 
similar in form, all stresses will be multiplied by the factor a, all velocities by 
the factor wa", and all deformation rates by the factor a". 

To prove this theorem, let us denote the variables in the transformed prob- 
lem by an asterisk, and let us try the transformation of variables: 


a= u(z, 2) 
u*, v*, w* = yB(u, v, w) 


The new parameter, 8, is adjustable; u, v, and w are the velocity components 
of the flow. 


According to [18], the transformed differential operator will be: 
1 
ve=-V 19 
[19] 


From Equations [106] and [18] it follows that: 


¢ [2027/2 + — [20] 


é 
Be; 
= PSik 18 

Oo; = 
x Tik = Tik 

p* = ap 
if 
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If we now write Equation [16] for the transformed problem in terms of the 
transformed variables and then make the substitutions indicated by Equations 
[18], [19], and [20], we find that uw cancels and the equation reduces to: 


Vp = (jk + Ki) | [21] 


Since by hypothesis p, e;, ete., are a solution of Equation [16], if we now set 
B = a" [22 


Equation [21] is satisfied; and, furthermore, the transformations [17] involv- 
ing 8 now satisfy the requirements of the theorem. The theorem is, therefore, 
proved. 

It is to be noted that the postulates of this theorem concerning the boundary 
conditions require one of three conditions with regard to surface slippage: (a) 
there is no slippage; (6) there is free slippage, that is, zero friction; or (c) 
velocity of slip is proportional to u7", T being the tangential shear stress at 
the surface. 

Since the third condition involves the scale factor, u, accurate predictions 
of injection performance, based on small-scale models, can only be made for 
the first two conditions, no slippage or free slippage. The third condition can 
be covered when some experimentalist is clever enough to control a finite, non- 
zero slip velocity and make it proportional to the scale factor. 

For the case w = 1, this theorem is analogous to the theory published by 
Ilyushin’, in a study of plastic deformation. The present authors are indebted 
to Professor W. Prager for knowledge of Ilyushin’s work and a translation of its 
essential features. 


EXTRUSION THROUGH A HOLE 


Consider a cylinder from which a liquid, such as raw rubber, is being ex- 
truded under pressure through a hole in a thin plate. If the cylinder is large in 
comparison with the dimensions of the hole, we may treat it as infinitely large. 
Then by applying the above theorem, we can derive a formula for the variation 
in extrusion rate with the pressure and with the dimensions of the hole. Let 
the hole lie in the x, y-plane. Then with the previous notation we have for the 


efflux : 
Q.* = ff w*da*dy* = pa" ff wdxdy = wa"E, [23] 


Qe = Cw (p*)" 


where the constant C is Q./p". 
For a circular hole of radius a this equation reduces to: 


[24] 


For a slit hole of width 26 and length W, the corresponding equation is: 


= (',p** 


E* = — = Cp 
Or 
[25] 
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EFFECT OF CHANGE IN THE LIQUID 


This dimensional analysis so far has proceeded on the assumption that the 
liquid, or rubber, being extruded is the same in all cases. If the rubber is 
different, with different values of f and n, the flow lines will be altered and the 
solution is no longer subject to dimensional analysis. However, in the special 
case where only f changes, while n remains constant, a dimensional analysis can 
be made. If the expression for ¢ in Equation [10a] is substituted in Equation 
(16], the result is: 


[22e,? + Ls 


Vp = 


+ (jk + kj) 


g 


From this it is clear that, if a solution exists for a given value of g and n, a 
solution will also exist for the same n and for any other g, say g*; and in the new 
solution the e; and s, will be invariant, and p* will vary inversely as (g*)("*)/2" 


according to the relation: 
g (nt+1)/2n 


It is assumed here that the exit pressure, or the reference pressure where o; 
= Ty = 0, is taken to be zero. Otherwise, we merely substitute p* — po for 
p*, ete. 

By virtue of Equation [13], Equation [26] may be written: 


[27] 


Similar equations can be established for the general stresses a; and 7jx, by 
making use of Equations [9] and [10a]. 
We have, therefore, now proved the following: 


Corollary.—If the fluidities of two liquids are, respectively : 


W (r-D/ and W (nth) 


where W is the local rate of work, and if in any deformation or flow process all 
dimensions in the second case are multiplied by a factor w and all boundary 
stresses by a factor a (f/f*)"", then the flow pattern in the second case will be 
magnified by the factor a (f/f*)"", all velocities by the factor wa", and all de- 
formation rates by the factor a”. 

Suppose that the viscosities of two rubber stocks characterized by the same 
n have been measured at the same rate of shear. By definition, the viscosity is: 


7 = 1/¢ = 7/8 [28] 
Then, by combining this with Equation [1], it is found that: 


1 = [20] 


Hence, for constant s and n, the ratio of the two viscosities will be: 


316 
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From this it follows that, in the statement of the above corollary, an*/n may 
be substituted for a (f/f*)'/". Also Equation [27] may be written: 


[31] 


If desired, the viscosity ratings by any test may be substituted for n* and 7, 
provided that the two stocks considered have the same value of n, and provided 
that the viscosity test is one in which the rates of shear at all points will be the 
same for both samples. The Mooney viscosity test, incidentally, meets this 
condition very closely. 

EXPERIMENTAL 


EQUIPMENT 


The experimental work was carried out with the aid of a modified Elmes 
laboratory press*® equipped with a 6-inch diameter pneumatic cylinder operating 
a 3-inch diameter plunger in the extrusion chamber. The maximum air pres- 
sure reliably available to operate the pneumatic cylinder was 75 lb. per sq. in. 
Because of the area ratio of 64:1, this corresponds to a maximum rubber pres- 
sure of 4800 lb. per sq. in. The plunger works with 0.003-inch clearance in a 
cavity 23's inch long, which is temperature controlled and which can be equipped 
with interchangeable cylindrical sprues or orifices of various lengths and hole 
diameters. The diameters used were 3g, }, and ;’s inch; the lengths were 35, 
3, 1, 3, and 6 inch. 

PROGRAM 


The samples used consisted of blended Hevea smoked sheet broken down to 
appropriate viscosity levels. Experiments were performed on rubber with the 
following values of Mooney viscosity, measured at the indicated temperatures : 


200° F (93°C) 50 ML-4 
Stock A4212° F (100°C) 48 ML-4 
250° F (121°C) 43 ML-4 


(100°C) 18 ML-4 
Stock By (121°C) 14 ML-4 


PROCEDURE 


The injection cylinder is loaded by an indirect process in order to reduce 
spurious results due to trapped air in the sample. An auxiliary chamber with 
a 23-inch diameter cavity, open at both ends, is placed in a special loading jig, 
where it is filled with rubber. The rubber is then compressed by a piston loaded 
by a weight and lever arrangement that compacts the rubber under a pressure 
of roughly 200 lb. per sq. in. The sample is compressed for 10 minutes or more, 
depending on the duration of injection operations on the previously formed 
sample. The auxiliary cylinder is then placed over the cavity of the injection 
press, and the piston is lowered through the cylinder to transfer the rubber into 
the injection chamber. The piston is raised, the cylinder removed, and the 
piston again lowered until it just touches the top of the rubber sample. The 
sample is heat conditioned for 10 minutes in the injection chamber. 

Air is fed to the pneumatic cylinder through a pressure regulator that is 
manually adjusted to give the desired gauge reading during the injection stroke. 


p* n* 

ite 
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If the time for the stroke is too small to permit regulation at the prescribed 
pressure, dummy runs are made, during which the pressure regulator is ad- 
justed to give the proper value for the speed of piston movement attained. 

The press is equipped with two microswitches actuated in succession by the 
descending piston. These switches start and stop an electrical clock counting 
to 0.1 second. The timer records the time necessary for extrusion of a fixed 
volume of rubber, except for a negligible flash which extrudes backward past the 
piston. During operation of the press, the setting of the microswitches is 
checked daily by means of a carefully weighed test extrusion. This, since it is 
performed with the compound under test, tends to compensate for the previ- 
ously mentioned flash. 

In the analysis of the experimental data for comparison with Equation [4], 
allowance must be made for the entrance pressure drop. Hence, the pressure 
gradient is always calculated from the difference between the interpolated 
extrusion pressures required for a given efflux through two sprues of the same 
diameter but different lengths. 

RESULTS 


Figure | shows typical curves (full) of absolute efflux for short and long 
fg-inch sprues, and also curves (dashed) of the pressure difference. This 


a 


Gage | 


4 
1%=1/32"\— 
1*=1/2" 


Extrusion Rate 
Isec 


Fic. 1.—Typical results, absolute extrusion rate vs. gauge pressure; js inch diameter sprues; 
of 


smoked sheet; 48 ML-4, 212° F; 50 ML-4, 200° F. 


pressure difference, divided by the length difference, gives the pressure gradient 
required for the corresponding efflux. The relationship between characteristic 
efflux and shear stress at the wall is shown in Figure 2, in which the various 
pairs of sprues that were used are identified. Three plots such as Figure | 
were used in the development of Figure 2. 

According to Equation [3], wall slippage will be indicated by an increase in 
characteristic efflux, at a given wall stress, as the sprue diameter is decreased. 
This effect occurs only over limited portions of the curves, and the validity of 
the effect is open to some question because of the irregularities apparent in the 
curves. It can be stated, however, that data have been obtained which lack 
the irregularities of this particular series of experiments and do indicate in a 
significant manner the existence of wall slippage. The slip velocity increases 
with the shearing stress at the wall. 


| 
| 
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Character istic att ier, E. 


T = Megadynes/ca.2 


Curve A Diameter 1/16" Length i* 
1/16" +" 


A 
8 
c 
F 


Fic, 2,—Characteristic efflux vs. shear stress at wall. Extrusion temperature, 200° F; 
smoked sheet ; 48 ML-4, 212° F; 50 ML-4, 200° F. 


Curve | of Figure 3 is an average of the 200° F curves of Figure 2. Included 
for comparison are averaged curves on the same stock at 250° F, curve 3. Each 
of these curves is approximately linear, indicating a rough check with the ex- 
trusion power law and the two-dimensional fluidity power law. If the slip is 
negligible, as seems to be indicated by these data, the characteristic efflux EF, is 
given by: 


The departures from constancy of the exponent n are indicated in the tables : 

the lower part of the figure, where values of n for each of the curves are given as 
obtained by an averaging of characteristic efflux values over each logarithmic 
cycle. Also given are the values of the constant f in the equation for character- 
istic eflux. It is to be observed that, in most cases, n increases with increasing 


200° F 
— 


250° 


Extrusion 
Temperature 


T Megadynes/sq.ca. 


| 


100 
Characteristic Efflux, E. 


f 
96.7 3.2x10°28 32 
90 7.2 7.7 2.2x10°88 1.9x10°28 
300 5.0 7. 4.8 3.9x10°52 6.2 2.7x10736 

- - 6.9 


Fie, 3.—Characteristic efflux vs. shear stress at wall. Averaged data for smoked sheet. 
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efflux and, consequently, with increasing shearing stress. This trend seems to 
be beyond experimental error. A similar trend can be observed in Eccher’s 
published data, even though Eccher did not comment on it. 


Die. c 

1/16" 2.8 2.3x107!'6 
1/8" 3.1 2.9xt07!8 
3/16" 2.2 1.0x1o7!2 


Fic. 4.—Characteristic efflux vs. gauge pressure. Smoked sheet; die length, 
#y inch, extrusion temperature, 200° F. 


The fluidity ¢ can be obtained for any set of conditions in the range of the 
curves from the equation: 


g = fr. 


If the slip were indicated to be other than zero, the component of efflux due to 
slip would have to be determined and subtracted from the total before deter- 
mination of f and n and before determination of ¢. 


10 ’ 100 
Characteristic Efflux, 


Curve Feature 250° 
1 Filler 40 4.0x10°26 
2 Kosmos 40 Black 3.5 2.5x10722 
3 Shawinigan Black 49 3.4% 5.1x10722 
 Celite 322 50 3.5 2.8x10722 
Gilder's Whiting 36 3.6 


Fic. 5.—Characteristic efflux vs. shear stress at wall. Comparison of fillers at 20 cc. 
loading in standard GR-S. 


Equation [24] describes the expected flow through a circular hole in a plate. 
The data of this series of experiments lend itself to a check of this equation. 
Values of Q/1a® were computed for the 35-inch long sprues. A plot of these 
against gauge pressure in Figure 4 indicates a separation of the ;’¢ and }-inch 
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curves which, by analogy with the cylindrical case, suggests slippage. The 
effect shown by the ;'g-inch curve of crossing over the others is not a typical 
effect; other data for different viscosity rubber and for other temperatures do 
not show it. The tabulated values of C and n refer to straight-line approxima- 
tions to the curves. According to the theory, n found here should equal n 
previously found for cylinders, but the values actually differ by a factor of two 
or more, 

The separation of the curves, which the theory predicts should coincide, 
suggests either a failure of the experimental tortnique or an over-simplification 
in deriving the equation for efflux. 

Figure 5 presents the effect of 20 cc. of filler per 100 grams of standard 
GR-S. The fillers used represent extremes in shape in both black and mineral 
classes; it is interesting that the tabulated values of the exponent n agree so 
well among the fillers. 


DISCUSSION 


The theoretical section of this paper includes a number of equations not 
tested by the experimental work. Nevertheless, the experimental data serve 
to test several crucial points in the theory. 

It was known before this work that extrusion of rubbers through circular 
tubes and holes varied roughly as a power of the extrusion pressure, the power 
being usually in the range from 2 to 5. A new point brought out in this work 
is the relatively large entrance pressure drop. For example, for a cylindrical 
tube of a length eight times its diameter, the entrance pressure drop is, in a 
particular case, 0.7 of the total extrusion pressure. For a Newtonian liquid, 
the same ratio would be roughly 0.1. Another point of interest in the present 
data concerns surface slip, which apparently is too small for easy detection or 
measurement, in spite of its practical importance in preventing scorching in 
commercial extrusions. The situation seems to call for higher precision in 
extrusion measurements. 

The greatest departure from theory in the data reported lies in the smaller 
value of n for extrusion through a circular hole, compared with extrusion of the 
same rubber through a tube. This diserepancy may possibly arise from a 
combination of two facts: first, that the rubbers do not obey the fluidity power 
law exactly, but show an increasing n at the higher stresses; and, second, that 
the mean effective shearing stress in extrusion through a hole is considerably 
less than the wall stress in a tube for the same value of E,. Thixotropy effects, 
if important, would probably be in the wrong direction to explain the discrep- 
ancy. 

Local variations in temperature have not been considered in the present 
theories of extrusion. Certainly they exist; but their effects are considerably 
mitigated by the fact that the heat development due to viscosity occurs mostly 
near the walls of the delivery tube, where the temperature is most effectively 
controlled by the wall temperature itself. 

It will be observed in Figure 5 that the various curves do not lie in the same 
sequence as the Mooney viscosities. This is contrary to what would be ex- 
pected according to any reasonable theory. Thixotropic effects may be re- 
sponsible. The conclusion is indicated that for any precise rheological 
measurements on raw rubber, care must be taken to have the rubber in the 
same state of thixotropic structure or lack of structure in the tests and the 
processing operations to be compared. 
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When the necessary precautions are taken, the above theory may lead to 
reliable approximate predictions of the pressure drop in the various flow chan- 
nels involved in the injection molding operation. In such rough calculations, 
slippage can apparently be neglected. It should be noted, however, that vis- 
cosity measurements should be made at a rate of shear comparable with those 
attained in the operation considered, and two or more testing rates must be 
used if both the parameters of the fluidity power law are to be determined. 


SYNOPSIS 


Raw rubbers are assumed to obey the fluidity power law, ¢ = fr", g = 
fluidity, 7 = shearing stress,n > 1. For three-dimensional flow the generalized 
law is assumed to be g = gW‘""))/‘"+), where W = rate of energy dissipation. 
It is shown that this law is equivalent to Nadai’s three-dimensional law of 
steady creep, expressed in terms of the octahedral shearing stress and octahe- 
dral rate of shear. On the basis of the fluidity power law, laws of extrusion are 
derived for circular and slit tubes and orifices, surface slip also being included in 
the analysis. By dimensional analysis, a general theorem is established con- 
cerning the effects of stress (or pressure) and apparatus dimension on deforma- 
tion and flow rates. Experimental data, obtained with circular tubes of vari- 
ous lengths and diameters and covering a 100-fold range in extrusion rates, 
agree roughly with the power form of the derived extrusion laws, but do not 
give the expected values of the exponent n in some cases. Surface slip was too 
small to measure in the present experiments. 
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IDEAL COPOLYMERS AND THE SECOND-ORDER 
TRANSITIONS OF SYNTHETIC RUBBERS. I. 
NONCRYSTALLINE COPOLYMERS * 
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DERIVATION OF THEORY 


Measurements of density, d, preferably expressed as specific volume, V = 
1/d, are easy to make and give direct evidence of the packing together of 
molecules in various states. For ordinary small molecules, such measurements 
are interpreted in terms of partial specific volumes of the components’, and the 
same treatment has been applied to solutions of polymers in small molecules®. 
If two liquids mix without change of volume, a plot of V against weight fraction 
co is linear, and the two partial specific volumes are constant. We extend this 
treatment to the monomeric units of a polymer and show by theoretical and 
practical evidence that this linearity, reflecting volume additivity of the units, 
is common both in the rubbery and in the glassy states. We are thus led to a 
simple law of ideal copolymers, corresponding to that of ordinary ideal solutions, 
which postulates a constant rubber volume ;Vr and a constant glass volume 
iVq at each temperature for the ith species of repeating unit in all its ideal rub- 
bery and glassy copolymers, these two constants being equal to the specific 
volume of the pure polymer in these two states. If, then, we consider a co- 
polymer made up of two components, whose pure polymers are both rubbers 
(as the temperature under consideration) the specifie volume of the copolymer 
containing a fraction c. of component (2) will be given by: 


V = (1 — + 


A similar argument applies when both pure polymers are glasses, but the situa- 
tion is more complex when one (which we shall always denote by i = 1) is a 
rubber above its transition temperature 6,, and the other is a glass (i = 2) 
below its transition temperature 62. Our postulate implies that the state, rub- 
bery or glassy, of the particular copolymer considered determines whether 
the rubbery or glassy volumes of both components enter into the specific- 
volume equation: 


if 7 > 6, then V (1 — c2)iVr + €2(2Vr) 
if T < 0, then V (1 — ¢2)1Vq + ¢2(2Vaq) 


For any temperature T lying between 6, and 62 there will be a composition at 
which the copolymer has its transition temperature @ at 7’. It is clear from the 
foregoing that at this point the plot of V against c, will change slope, as shown 
in Figure 1. 


* Reprinted from the Journal of Applied Chemistry, Vol. 2, pages 493-500 (1952). This paper is based 
on a lecture given before the Glasgow Section of The Chemical Society, October 5, 1951. 
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Such a plot is fully determined by a knowledge of four points iV, iVa, 
2Vr, and 2Vq, since they only require to be linked crosswise by straight lines, 
as in Figure 1, the lower arms of the cross being broken lines. The two points 
iVe and 2Vq are always directly accessible to experiment, while »>Vr and :Vg 
require some discussion later. We shall now derive, by reference to Figure 1, 
how the position of the kink in the experimental line, 7.e., the composition c» 
for which 6 = T,, varies with 7 (see Figure 2). 

This derivation hinges on the question of how the crossing point C moves in 
the plane of the diagram with changing temperature. Clearly the four sup- 
porting points of the cross, 7.e., the specific volumes just mentioned, each move 
linearly with temperature, according to their appropriate coefficient 8B. (These 
coefficients are defined by Br, and equal to d(;Vr)/dT and d(,Vq)/dT, 
and differ from the conventional coefficients of cubical expansion only by a 
factor of the appropriate 1/V.) Thus the temperature motion of the cross is 
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Fig. 1.—Butadiene/styrene copolymers at 25°. O D’lanni, Hess, and Mast?. @ Calculated from 
Salomon’s value‘ at 20°, using Bz from Table I. 


fully determined and the appropriate equation is readily found: 


Cc: = (0 — — 0) +0 — (1) 


where: 


k= (Br = = (2) 
The specific volumes of each monomeric unit in the rubbery and glassy states 
are given absolutely by: 


iVe Br(T 6:) (3) 


iVr 


and 
iVe = Vo + Ba(T — 4) (4) 


where ,V¢ is the volume of the polymer undergoing its rubber/glass transition 
at 6. The specific volumes relative to each other are given by subtracting 
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Equation (4) from Equation (3) thus: 
= Ve +A(B)(T — 4) (5) 


For the section on applications to experimental data, we collect here four further 
useful equations. Wiley® introduced a method based on measuring changes in 
the refractive index n for locating 6, which is even more convenient than volume 
measurements. We draw attention to the fact that polymers in both states 
should obey the universal Lorentz-Lorenz equation: 


Rp = MV (n? — 1)/(n? + 2) (6) 


Here M denotes the molecular weight of the repeating unit in the polymer, and 
Rp is its temperature-independent molecular refractivity. This is the sum of 
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2.—Butadiene/styrene copolymers. 


Wiley, Brauer, and Bennett 
\ Juve, Goff, Schroeder, Meyer, and Brooks® 
A Wiley, Brauer, and Bennett 
V_ Ueberreiter? 
Hess, and Mast? 
Salomon 
+ Wiley and Brauer* 
@ Wiley and Brauer® 
@ Patnode and Scheiber® 


atomic and group refractivities listed by Vogel'®, and can thus be calculated. 
It is easy to compute Br, Ba, and AB from the rates of change of refractive index 
with temperature (dn/dT) pr and (dn/dT)g in the two states. For either state: 


B = — 6Vn(dn/dT)/(n? — 1)(n? + 2) (7) 


The conventional coefficient of cubical expansion 6/V for either state [or in- 
deed for any substance which obeys Equation (6)] can be computed from 
Equation (7), using refractive index data only. By combining Equations (6) 
and (7), we can eliminate V to obtain: 


B =— 6Rpn(dn/dT)/M (n? — 1)? (8) 
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which is useful when V is not known, as in the case of polyvinyl! chloroacetate 
(Table I). In such cases the independent check afforded by Equation (6) is 
lost, as the correctness of Equation (6) is assumed in Equation (8). 

Finally, an inspection of Table I shows that variations in AB from one 
polymer to another are largely caused by changes in Br, and in cases where Bg 
has not been measured, the equation: 


Be = 0.0002 (9) 


is a reasonable approximation. 

It follows from the above theory that dV /dT for an ideal rubbery or glassy 
copolymer varies linearly with c.. This may provide a useful experimental 
test for ideality. 


APPLICATIONS TO EXPERIMENTAL DATA 


We have developed the theory largely with the aid of data already published 

in the literature. In this section we discuss the case of butadiene/styrene in 
more detail and show that our theory fits it adequately over a range of at least 
160° C. The couple methyl! acrylate/styrene provides additional support for 
the theory of volume additivity of the monomeric units, as existing data can 
be shown to fit Equation (1) satisfactorily. 

We note that in Figure | the five points by Salomon‘ and by D’Ianni, Hess, 
and Mast? leave no doubt as to the substantial constancy of the partial specific- 
volumes of rubbery butadiene and rubbery styrene, namely ,Vr = 1.1061, 
and »Vpz = 0.932. In other words, the linearity of the five points proves the 
assumption of ideal volume-mixing of the two units in their rubbery copolymers 
at 25° C. As there are only two points given on the glass line, the same proof 
for the glassy copolymers is clearly not conclusive in this case, though the long 
dotted extrapolation of the glass lines to 1\Vq = 1.019 provides a third point 
which can at least be checked roughly against our theory. 1V gq corresponds, in 
fact, to the specific volume which polybutadiene would have if it were warmed 
from its @,; at —85° to 25° while expanding according to its Bp. This experi- 
ment is not experimentally feasible (see Discussion), since it would demand the 
suppression of segmental motion in the direction of the polymer chain. How- 
ever, we can calculate ;Vg = 1.034 from Equation (5) in very reasonable agree- 
ment, by substituting therein the experimental ,V already given, where the 
value of T = 25°, 4; = —85° (from Table I), and A(,8) = 0.00066 (from Table 
I). This supports the theory that the partial specific volume of butadiene 
units in the glassy copolymers containing a five-fold or greater excess of styrene 
occupy the same volume they would fill in pure glassy polybutadiene at the 
same temperature. The short dotted extrapolation of the rubber line to Vr 
= 0.932 may be checked analogously with excellent agreement. To this end 
we substitute in Equation (5) the values Vg = 0.9496 (from Figure 1), 7 = 
25°, 0 =+84° (from Table I), and A(.8) = 0.000185 (from Table I), thus 
finding the calculated = 0.939. In principle, the point pz, unlike Vp, 
is experimentally attainable, as it corresponds to the supercooling of a liquid 
rather than the superheating of a glass, and it has been checked further in 
several ways. Using Equation (3) and experimental data by Alfrey, Gold- 
finger and Mark!* we find ,.Vr = 0.927, and similar data by Fox and Flory" 
yield »Vz = 0.927. As explained in the Discussion, Heller and Thompson? 
identify .V» in first approximation with the partial specific volume of poly- 
styrene at the same 7'(= 25°) in low molecular-weight solvents, for which they 
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find 0.922 to 0.924. The five estimates just given show very reasonable con- 
cordance. 

The last check to be applied to Figure 1 concerns the position of the crossing 
point C, 1.e., the observed kink of the experimental plot. Our theory demands 
that the polymer of this composition (cz = 0.94) should have its @ at 7’ = 25°. 
We have accordingly carried this point over to Figure 2, where it is seen to lie 
very close to a curve representing the data of numerous authors on the variation 
of @ with c.. This completes the demonstration of the conformity of Figure 1 
with our theory. 

The substantial conformity of Figure 2 with theory is shown by the reason- 
able proximity of the experimental points to the curve drawn, which is actually 
Equation (1), using the parameter k = 0.29. This leads to the conclusion 
that the ideal volume-mixing already demonstrated for 25°, is likely to hold 


7 8 


WT. FRACTION OF STYRENE, C2 


Fia. 3.—Methyl acrylate/styrene copolymers. 
© Jenckel®” 
e { Ueberreiter? 

Jenckel”® 


substantially over the whole temperature range covered by Figure 2. It is 
unfortunate that a direct determination of k according to Equation (2) is not 
available, owing to a lack of data concerning A(,8), the difference of the two 
coefficients of polybutadiene. We may, however, use Equation (2) to compute 
A(8), employing k = 0.28 and A(.8) = 0.000185 from Table I, when we ob- 
tain A(,8) = 0.00066. We have entered this value in Table I and the Discus- 
sion will show it to be a reasonable result in the light of the unbranched structure 
of butadiene. We have, moreover, used this result to find ;Vq with sufficient 
success to accept the value of k = 0.28 thereby selected. 

Turning from a hydrocarbon copolymer to systems each involving one more 
polar monomer, we now consider Figure 3, which presents results due to 
Jenckel® on methyl acrylate/styrene. Fortunately, in this case all the four 
quantities, two @s and two Ags, are known or can be computed, so that the 
whole theoretical 6 vs. cz curve, including the parameter k, can be written down 
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in accordance with Equation (1). The four quantities are included in Table I 
and give k = 0.68 (with an estimated error of +0.1). We draw attention to 
the fact that we have used the refractive-index treatment of Equation (7) to 
compute A(,8) from measurements on polymethyl acrylate by Wiley and 
Brauer’. The legitimacy of this treatment was established by the agreement 
of the molar refractivity of polymethyl acrylate according to Equation (6) 
(found Rp = 20.04, using the value of V in Table I) with the summation of the 
atomic refractivities' giving Rp = 20.12. It is seen in Figure 3 that the the- 
oretical Equation (1) with k = 0.68, 7.e., the top of the two curves shown, fits 
Jenckel’s somewhat scattered data encouragingly well. A least square method 
of finding the optimum k value would give kop: = 0.54 to fit Jenckel’s data 
somewhat better, as seen from the lower curve shown. The difference of 0.14 
in the two estimates of k is quite small, since the & values of different monomer 
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Fic. 4.—Various copolymers. 


A Salomon‘. Brittle-point ternperatures for dimethylbutadiene/acrylonitrile copolymers 
@ Salomon‘, Brittle-point temperatures for butadiene/acrylonitrile copolymers 
© Wiley & Brauer". @ for butadiene/acrylonitrile copolymers 


Godt Meyer, and Brooks Jo for polybutadiene 
couples are known to range from 0.3 or less (butadiene/styrene) to well over 
unity (dimethylbutadiene/acrylonitrile, see below). We conclude that 
methyl acrylate/styrene copolymers are not likely to deviate strongly from 
ideal-volume additivity [as assumed in the derivation of Equation (1)], and 
that it is, in fact, possible successfully to forecast the 6 vs. c2 plot of a couple of 
monomers from the @s and the A@s of their pure polymers alone. 

Figure 4 illustrates experimental plots for acrylonitrile copolymers of buta- 
diene and dimethylbutadiene. The butadiene system is seen to give a straight- 
line plot for the data of Wiley and Brauer", working in the range from c, = 
0 to 0.5. These workers plotted percentage nitrogen instead of c2, but this 
happens to give an identical plot here, since both monomers have almost the 
same molecular weight. The linearity of the plot implies according to Equa- 
tion (1) that k is very close to unity (see below), i.e., according to Equation (2), 
the ABs of butadiene and acrylonitrile are very nearly equal. 
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The plot at the top of Figure 4 relating to dimethylbutadiene/acrylonitrile 
is based on brittle point measurements by Salomon‘ rather than @ measure- 
ments. This would be expected to shift the plot slightly without affecting its 
general shape, as illustrated in Figure 4 by the dotted plots of brittle points for 
the butadiene system. The upward convexity of the top plot means a k value 
in excess of unity. This implies a A(,8) for dimethylbutadiene polymer sub- 
stantially smaller than that for polybutadiene, a fact in agreement with the 
trends due to molecular branching considered in the Discussion. 

We now collect the mathematical implications of Equation (1) already 
illustrated: the plot Equation (1) is convex upwards if k is greater than 1, 
linear if k equals 1, and convex downward if k is less than 1. This can be 
visualized if summarized in the rule: The more strongly one monomer partner 
predominates in the intensity of the second-order transition as measured by the 
AB of its pure polymer (see Discussion), the more strongly will it predominate 
in the determination of the second-order transition temperature of its copoly- 
mers. For instance, butadiene predominates over styrene in both senses, in 
particular the second-order transition temperatures of copolymers are sur- 
prisingly near that of polybutadiene even for relatively large admixtures of 
styrene (Figure 2). The qualitative rule just given clearly applies to copoly- 
mers of more than two monomers. Some remarks are necessary on factors 
that might seem to complicate the straightforward consideration of the data 
analyzed in the previous section, such as variations due to changes in the 
molecular weights of the polymers, rate effects in volume equilibration, and the 
general reproducibility of results from author to author and our selection of 
data. 

TaBLe II 
LIveRATURE VALUES FOR THE Speciric VOLUME Vg OF PoLysTYRENE 
Source V@, ce. per g. at 25° 


Patnode and Scheiber® 0.950-0.952 
Alfrey, Goldfinger, and 0.942-0.943 
Michalek and Clarke, quoting a manufacturer’s manual 0.935-0.949 
Boyer and Spencer!” 0.954-0.956 
Fox and Flory" 0.950 
D’Ianni, Hess, and Mast# 0.9496 


It has been known for some time that @ increases and V decreases with the 
molecular weight of a polymer, but the effect is very small provided the molec- 
ular weight exceeds 20,000. Quantitative measurements by Fox and Flory” 
confirm this conclusion for polystyrene within the accuracy required for our 
treatment. It may be assumed that the polymers handled by the authors 
mentioned in Table I exceeded this limiting molecular weight. 

Literature values of Vg for polystyrene collected in Table II show a sur- 
prisingly large variability. This might at first sight seem to throw doubt on 
the reliability of our interpretation of Figure 1, particularly the position of the 
glass line. The most recent values by Fox and Flory’ and D’Ianni, Hess and 
Mast® agree with each other and with unpublished measurements taken in 
these Laboratories. High values of V by other workers are likely to reflect the 
incomplete removal of monomeric styrene, or may be due to rate effects, 1.e., 
to the slowness of volume equilibration when a polymer has been rapidly 
cooled through its second-order transition temperature. This was first ob- 
served by Alfrey, Goldfinger, and Mark'* with polystyrene at 60°. We have 
observed a similar contraction on emulsion-polymerized polystyrene (after 


Ki 
x 


SECOND-ORDER TRANSITION OF COPOLYMERS 331 


heating it to 100°) at room temperature. Spencer and Boyer” stored pellets of 
polystyrene for two years and then assumed that this material was very close 
to its equilibrium volume, though their observed value of 0.954 to 0.956 at 25° 
can be seen to be appreciably higher than those of other workers (Table II). 
The general mechanism of this contraction is well understood as one of the 
rate aspects of second-order transition phenomena and occurs with polymers 
other than polystyrene, e.g., polymethyl methacrylate®. Polystyrene is often 
heated above its @ during its preparation, e.g., to free it from monomer, and 
some variation of volume measurements recorded in Table II may be due to 
incomplete equilibration. Fox and Flory’s thorough investigation’ has shown 
that the rate of equilibration is much faster than previously assumed, and they 
state that glassy polystyrene has a definite constant Vg irrespective of molec- 
ular weight. Although D’Ianni, Hess, and Mast’ heated and cooled their 
polymers of Figure 1 during molding, their observed Vg agrees with this con- 
stant. Any rate effects that did occur must have been slight, and could only 
affect the two points on the glass line. They would affect these points similarly 
and cause a small parallel shift of the glass line, which would not affect our 
conclusions. 

The two coefficients of expansion of polymers are not thought to be critically 
affected by changes in molecular weight'’, thermal history of a sample", or the 
presence of impurities. However, experimental errors in dilatometric tech- 
niques on polymers are often pronounced, and some of the figures in Table I 
may require some revision on this account. Serious discrepancies are noted 
for the Br, but not the Bg of polystyrene in this Table. The almost concordant 
lower italicized values of Ueberreiter’ and Alfrey, Goldfinger, and Mark'* have 
been accepted by us as slightly preferable pending our own redetermination of 
Br. These lower values appear to fit in better with trends due to molecular 
branching discussed below; however, most errors in dilatometry tend to give 
higher values rather than lower ones. If the group of higher, and equally con- 
cordant values (0.00055 to 0.00059) given by other workers cited should be 
confirmed later, this will require some numerical adjustments in our conclusions 
(e.g., in the AS of butadiene), though their general validity is unlikely to be 


affected. 
DISCUSSION 


The main assumption in our treatment, which we have supported by some 
experimental evidence in the previous section, is the ideal volume-mixing (with- 
out contraction or expansion) of the monomeric units in copolymers, which 
means that a constant partial specific volume can be associated with each unit. 
In the light of previously known facts, the existence of ideal copolymers, in 
this sense may at first sight seem surprising. For instance, it is known* that, 
on dissolving polystyrene in an excess of toluene, a small unit which is structur- 
ally very similar to polystyrene, it has a partial specific volume as much as 
3-5 per cent below that of the pure undissolved polymer. It may not, there- 
fore, at first sight seem reasonable to find that the partial specific volume of 
styrene units remains perfectly constant when copolymerizing one part with 
from 0-4 parts of the less similar unit butadiene (Figure 1). However, this 
difference between dissolution in, and copolymerization with, small molecules 
can be explained. It might be thought that the difference lies in the uncoiling 
of the polymer chains on dissolution. Boyer and Spencer® rejected the theory 
that this accounts for the large contraction on dissolution, since they were able 
to show that, when polystyrene itself is strongly uncoiled by five fold stretching, 
the volume contraction was barely 0.5 per cent. They concluded that the 
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apparent large contraction on dissolution reflects the inefficient packing of the 
undissolved bulk polymer. Whether stretched or not, a noncrystalline glassy 
chain-polymer leaves considerable space that smaller solvent molecules can 
utilize. Heller and Thomson? show that, in first approximation, this space, 
which is filled by solvent on dissolution, is equal to the volume difference be- 
tween the rubbery and glassy polymer at a given temperature (see Table II). 
This additional space is, therefore, a characteristic which distinguishes the 
glassy from the rubbery state, and has nothing to do with the chemical com- 
position of the repeating units. The deviations from ideality on dissolving a 
polymer are thus not relevant to the assumption of volume additivity of the 
monomeric units themselves within a glassy copolymer. Many types of inter- 
molecular forces fall off sharply with intermolecular distance, and it follows 
that ideal volume relations should exist more readily in glassy copolymers than 
in binary solutions of small molecules which are more closely packed together. 

A more powerful argument, applicable to both glassy and rubbery copoly- 
mers, was advanced in a different connection by Flory**. He pointed out 
that in random copolymers ‘regardless of the interaction energies between like 
and unlike units, they are maintained in random order, in one dimension at 
any rate, by the primary valence connections. Clustering of like units on the 
one hand, or association of unlike units on the other, such as commonly leads 
to deviations from regularity in solutions of simple molecules, is severely re- 
stricted by the existence of the primary valence chains.’ The two effects, 
hindrance to close packing and hindrance to clustering, combine to place co- 
polymers in a strong position for escaping deviations from ideality. We have 
summarized the position in a rough manner in Table III. 


TaBLe III 
Tue Errect or INTERMOLECULAR ForcEs IN SOLUTIONS 
Components of solution Deviations from ideal volume mixing to be expected 


Two small molecules Relatively strong deviations due to strong clust- 
ering of interacting groups, if any are present 

One small molecule + one polymer Medium deviations due to interacting groups 
(if any) plus strong deviations due to filling of 
spaces in the polymer (particularly in the 
glassy state) 

Two polymers Rather weak deviations due to any interacting 
groups, possibly some due to better space 
utilization 

Copolymer, treated as a ‘solution’ Weak deviations due to any interacting groups, 
probably none due to better space utilization 


From various viewpoints, the second-order transition temperature has been 
characterized as an isoviscous*’, an isoelastic®*, or an iso-volume" state. Heller 
and. Thompson? characterize it by an alternation of configurational probability 
in neighboring volume elements. Earlier, Alfrey et al. (1943) interpreted 6 as 
the temperature at which the diffusion of holes to the surface of a specimen 
acquires a rate comparable to the experimental time scale of the dilatometer. 
Most investigators would be agreed that the change from glass to rubber re- 
flects a sharp increase in the mobility of the polymer chains, and that this is 
probably due” to the freeing of rotational modes in the polymer backbone. 
Boyer and Spencer hold that lateral motion of chain segments occurs in a very 
short time compared with the duration of experiments, whereas their lengthwise 
slip is almost negligible below the second-order transition temperature, but ap- 
preciable above it. 
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In the light of the Boyer-Spencer theory, Table I shows significant trends. 
The Table is arranged roughly in sequence of increasing importance (size and 
number) of side branches in the polymers, and this leads to a progressive de- 
crease in Br whereas, differences in Bg are small. If in the rubbery state, 
lengthwise slip of the chain occurs under the action of thermal expansion forces, 
Br would indeed be expected to decrease strongly with increasing importance of 
side chains, since these will resist lengthwise traction. On the other hand, if 
no lengthwise slip occurs in the glassy polymers, but only a sideways separation 
of the polymer chains [due to increased amplitudes of thermal vibrations ac- 
cording to Fox and Flory'’], then little effect on Bg due to side branching would 
be expected. We state these conclusions tentatively without prejudice to the 
views of Boyer and Spencer on this aspect of their theory. 


MECHANISTIC THEORIES OF 8 VERSUS C2 PLOTS IN COPOLYMERS 


Ueberreiter’ explained the ‘internal plasticization’ of a glassy polymer, by 
copolymerization with a rubber-forming monomer, in terms of the spacing out 
and weakening of dipole forces, even in a case such as styrene and butadiene 
copolymers. One might expect dipole forces due to phenyl side-groups to be 
small, and our demonstration of the ideal volume-mixing of the rubbery co- 
polymers in Figure 1 shows the inefficacy of these forces in practice. 

A quantitative theory of the plot of 6 against number fraction No», rather 
weight fraction c2, was advanced by Tuckett®®. He based it on the theory that 
the distinction between rubbery and glassy states was due mainly to the freez- 
ing of rotations about bonds in the polymer backbone in the glassy state. He 
made the assumption that the rotation around certain such bonds was hindered 
sterically, namely, wherever two styrene units occurred in adjacent positions. 
On statistical assumptions the proportion of such bonds was shown to be pro- 
portional to (N»)*, and this leads to a parabolic dependence of 60n N2. Ueber- 
reiter’s data included in our plot of Figure 2 could be fitted quite successfully 
to such a parabola. Boyer and Spencer” thought that Jenckel’s data (Figure 
3) on methyl acrylate/styrene are also in reasonably good agreement with a 
parabolic law. We have shown that new data have come to light which lead to 
linear or oppositely curved plots (Figure 4) and Tuckett’s theory cannot there- 
fore be of general validity. 

Our Equation (1) fits the available data, but the theory underlying it differs 
from the two previous theories just quoted in apparently not postulating any 
molecular mechanism, such as the action of dipole forces or hindered rotations. 
Actually our theory of Equation | requires no more than the assumption of sub- 
stantially ideal volume-mixing of the monomeric units, and the constancy of 
four coefficients of thermal expansion (,Br, Brand No consideration 
of experimentally unattainable states, such as superheated glassy polymers, 
has to be assumed to derive Equation 1, though we have used such a consider- 
ation for descriptive purposes. Thus we abolish the need for any molecular 
mechanism of @ vs. cy plots which is distinct from the mechanism of thermal 
expansion in general Thermal expansion in general gives constant coefficient 
of expansion, but this is hardly a matter requiring a mechanism. At least the 
constancy is a matter of definition in the case of ideal gases, since the tempera- 
ture scale is defined so as to give them constant coefficients; any further me¢ch- 
anistic interpretation must consider why this constancy can be extended from 
ideal gases to glassy and rubbery polymers. Nothing we have said in any way 
disproves Tuckett’s mechanism of hindered rotation wherever that theory fits 
the experimental results. 
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It is profitable to consider our present theory as the first approximation of 
any theory accounting for the volumes and second-order transition temperatures 
of copolymers. Deviations from ideality will be reflected by curvature of the 
volume plots. It may be noted that if the glass and rubber lines (ef. Figure 1) 
were curved in a similar manner, then the position of the second-order transi- 
tion kink in which they meet will hardly be appreciably shifted parallel to the 
¢; axis. Although this consideration probably widens the applicability of 
Equation 1, which governs the temperature dependence of this transition kink, 
it also implies that experimental verifications (such as Figure 3) of this equa- 
tion, unsupported by direct volume measurements (such as Figure 1), are not 
a sensitive criterion for ideal volume-mixing. One of the pure polymers may 
crystallize, in which case the resulting effect on the specific volume of its co- 
polymers usually becomes noticeable in practice in the range of composition 
involving from 80-100 per cent of its monomeric unit. This would lead to 
curvature of the volume plots, and we shall discuss this case in Part I]. We 
may say here, however, that our theories will remain valid provided we confine 
our calculations of c, to the rubbery or glassy phase proper, 1.e., to the exclusion 
of the crystalline phase. In support of this statement we quote the experience 
of Spencer and Boyer”, that the degree of crystallinity (weight fraction of 
crystals) has no influence on the second-order transition temperature of the 
amorphous phase, though other workers have thrown doubt on the universality 
of this observation. Figure 4 presents an example of possible effects of 
crystallinity, since pure polyacrylonitrile is highly crystalline. If the acrylo- 
nitrile units form some crystals, an effect which can hardly be appreciable over 
a low range of c. values, then the butadiene-acrylonitrile plot would have to be 
modified to fit Equation 1 by reducing the weight fractions c. of acrylonitrile 
to the values appropriate for the amorphous phase. Instead of a linear plot, 
this would result in a curve slightly convex downward toward the cz axis, and 
would mean that Af for polybutadiene was slightly greater than for poly- 
acrylonitrile. 


APPLICATION 


One application of the present work is the warning it provides against over- 
looking @ or crystallization effects in kinetic investigations on polymer reactions, 
when following them by density or dilatometric measurements. A second- 
order transition effect would, for instance, be expected to occur during the 
cyclization of rubber, during which reaction of copolymer between the original 
isoprene units and increasing proportions of cyclic diisoprenic units is formed. 
Towards the end of the reaction (which for statistical reasons proceeds to only 
86.5 per cent of stoichiometric completion) a sharp decrease in the rate of 
volume change was noted by one of us*®. This was tentatively explained at 
the time as due to some chemical change, such as a shift of a double bond. It is 
in accord with all the known facts about the rates, and the physical properties 
of the partially cyclized rubber, to attribute the apparent rate decrease to the 
changeover from rubber to glass which must occur in the region concerned. 
It is clear that the rate of volume change should be proportional to the slope 
of the V vs. cz plot. Where this plot has a kink due to the second-order point 
(C in Figure 1, for example), we must thus get a sudden rate change, and this 
should be an apparent rate decrease when passing from rubber to giass. Infra- 
red absorption work by Davison* has shown that no new spectral features 
occur when the partly cyclized rubber passes through the region of rate de- 
crease. Throughout cyclization there is a steady decrease of the 835 cm. 
band (RiR:C CHRs) and increase in the 8S80-cm.~'! band. This makes the 
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reinterpretation of the apparent rate change quite certain. Fortunately the 
change occurs so close to the end of the reaction that nothing needs to be 
changed in the chemical interpretation of the measured rate. 

An important technological application of this work may be briefly out- 
lined. Second-order transition phenomena have played a leading part in the 
development of synthetic rubbers with adequate low-temperature character- 
istics. Investigators have been led to search for polar comonomers to be 
polymerized with the nonpolar and relatively little-branched hydrocarbon 
monomers, such as butadiene. These should be tolerated as with styrene in 
relatively large proportion without unduly raising @. This can now be formu- 
lated as a search for such comonomers with low @ and low Ag. There are 
indications that dichlorostyrene® has a low Af, but a @ unfortunately higher 
even than styrene. Our Table I suggests that vinyl chloroacetate may be 
worthy of investigation as a comonomer. 


SUMMARY 


Theoretical and practical evidence is put forward to show that copolymers 
‘an be treated like solutions of small molecules in the interpretation of packing 
phenomena, and that ideal volume-additivity of the repeating units in copoly- 
mers is frequently realized. On this basis equations are derived for predicting 
6, the second-order transition temperature, of binary copolymers from the two 
second-order transition temperatures of the pure polymers and their coeffici- 
ents of expansion in the glassy and rubbery states. Previous mechanistic 
theories of the second-order transition temperature of such copolymers 
are thus superseded by a general reduction of the problem to the mechanism of 


thermal expansion. Practical applications to the choice of monomers in pro- 
ducing synthetic rubbers are outlined, and attention is drawn to the import- 
ance of second-order transitions in kinetic measurements on the reactions of 
polymers. 
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STRESS RELAXATION IN COMPRESSION OF RUBBER 
AND SYNTHETIC RUBBER VULCANIZATES 
IMMERSED IN OIL * 


J. R. Beatry ano A. E. Juve 


B. F. Goopricn Researcu Center, BrecksvILLeE, Onto 


Rubber and synthetic rubberlike materials, owing to their elastic properties, 
are particularly suited for use in gaskets, seals, suspensions, and other uses in 
essentially compressive strain. The stress resulting from this strain is widely 
utilized as a seal for fluids or gases. Many of these applications are subject to 
swelling agents, such as oil, from their surroundings either through design or 
accident. An earlier report! described the stress relaxation properties of seven 
rubber and synthetic rubber compounds tested in air as a function of the vari- 
ables of deformation, temperature, sample shape and size, and sample slippage. 
Swell phenomena have been investigated? with rubber compounds in the pres- 
ence of swelling agents, but in these tests no strain was imposed on the rubber, 
and the effect of strain, particularly compression, has been reported only to 
decrease the rate of imbibition of oil’. 

To investigate the effect of mineral oil swelling agents on rubber compounds 
four of the stocks were selected from the previous work!. These were: (1) a 
natural rubber stock cured with TMTD*‘; (2) a GR-S stock; (3) a Neoprene- 
GN stock; and (4) a Hyear OR-15 stock cured with TMTD. All were 60 
+5 Shore-A hardness, loaded with semireinforcing furnace black. The con- 
tinuous stress relaxation of the samples was followed as a function of time, in 
the presence of three different mineral oils. 


TESTING EQUIPMENT 


The tester used was that previously described', with only a slight modifica- 
tion. It consists essentially of a method of compressing a sample a predeter- 
mined percentage of its original height, and measuring the minimum stress nec- 
essary to maintain this deflection as a function of time by the adjustable dead 
weight loading. Figure | is a diagram of the tester and the testing jigs used in 
long-time tests. The modification consisted of the substitution of an oil cup 
for the bottom platen of the adjustable sample pedestal used for short-time tests. 
The same jigs used in the preceding work were used exclusively for long-time 
tests, during which they were stored immersed in the oil at the test temperature. 

The test-samples were ASTM compression-set samples, 1.129 inches diam- 
eter and 0.5-inch height, having a loaded area of one square inch. The samples 
were die-cut from 6 X 10-inch sheets of the cured rubber. Recipes, cures, and 
stress-strain properties of the compounds tested in this work are given in Table 
1. Table 2 lists the properties of the oils® used in this investigation, which 
covers the range of swelling tendency encountered in usual petroleum-base oils. 


* Reprinted from the India Rubber World, Vol. 127, No. 3, pages 357-362 and 423, December 1952. 
This paper was presented before the Rubber and Plastics Division of the American Society of Mechanical 
Engineers, Chicago, Illinois, September 1952. 

336 


| 
bes 


STRESS RELAXATION OF VULCANIZATES IN OIL 


TESTING 


JIG 


Electrical Contacter 
and Beam St 


Adjustoble 
Moss 


Fic. 1.—Diagram of the tester and jigs used for the stress relaxation in compression tests. 


Compound 1 


Natural Rubber 
Zine oxide 

SRF black 
— Powder 
TMTD 


Cured 35 min. at, 140° C 
Compound 3 


Neoprene GN 
SRF black 

Zinc oxide 
Magnesium oxide 


Cured 40 min. at 150° C 


Shore "A" 


Compound Durometer 


1 61 
2 64 
3 66 
4 63 


* Tetramethylthiuram disulfide. 
t 2-2’ Benzothiazole disulfide. 


TABLE 1 
Recipes, Cures, AND TENSILE PROPERTIES OF CompouNps TESTED 


Compound 2 


GR-S-10 
Zine oxide 
MBTSt 
SRF black 
Sulfur 


100 


5 


1.75 


65 


1.75 


——v 
173.5 


Cured 90 min. at 150° C 
Compound 4 


Hycar OR-15 
Zine oxide 
SRF black 
TMTD 


Cured 40 min. at 150° C 


Physical Properties 


Tensile 


Strength (Psi) 


2800 
2400 
2700 
2600 


300% 
Elongation 


Modulus (Psi) 
1650 
1600 
2300 
1700 
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20" 
Fixed Pivot Loading Beam 

Adjustoble Somple 
Pedesto! 

= 
~ 
Ge 

100 | 
5 
80 
= 
3.5 
189.5 || 
100 100 
45 5 
4 4 SEN 

154 159 
425 

460 
520 
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TABLE 2 
Test 


Low Medium High 
General description swelling swelling swelling 


Aniline point (ASTM D611) 123.941°C 93 3° C 69 +1°C 
Saybolt Universal Viscosity 
—Sec. (ASTM D88) 98 + 5 100 + 5 155 + 5 
Flash point (ASTM D92) 179° C* 281.6 0 5.5° C 201 + 3° C 
* Minimum. 
TEST PROCEDURE 

Different procedures were adopted, depending on whether the oil cup or the 
jigs were used. For the former, samples were conditioned in the oil cups im- 
miersed in oil until equilibrium temperature was attained, then deformed the 
desired amount (30%), and the stress measured as a function of time. The 
initial stress is obtained approximately from the load deflection curve of a 
duplicate sample. Time is measured from imposition of load, and the first value 
of stress recorded is at 36 seconds, or 0.01-hour, which is referred to as the “‘zero 
time” in computing the relative stress values for S;/So where S; is the stress at 
time ¢. Stress values were determined in approximately a geometric progres- 
sion of time intervals since stress relaxation is approximately a logarithmic 
function of time. 

When jigs were used, the sample was conditioned in air, with the sample 
dipped into oil before being placed between the jig plates in order that slippage 
between the rubber cylinder and the plates will take place immediately on 
loading. The test was then conducted in air for about the first 10 hours, after 
which the sample was removed from the tester with the initial compression 
maintained, and the sample was immersed into the test oil at the desired tem- 
perature. The periodic checks of the stress were made in air also for conveni- 
ence. It was found that results obtained in this manner agreed with values 
obtained when the oil cup was used in which the sample was immersed continu- 
ously. Figure 2 is a plot of data secured under both conditions of test. 

The accuracy of the measurements using the oil cup container is +0.5- 
pound, and as it is rare for the stress to decay below 100 pounds, the maximum 


1.0 


10 10.0 100.0 
TIME = HOURS 


Fie. 2.—-Comparison of oil cup vs. jigs for stress relaxation in compression tests in oils. 
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_EFFECT of OlL_ON STRESS RELAXATION 


HEVEA TM.TO. COMPOUND 24°C. 


° 
“SSS 


10.0 
TIME — HOURS 


Fig. 3.—Effect of oil on stress relaxation; Hevea TMTD compound at 24° C, 


EFFECT of OlL_ on STRESS RELAXATION 
HEVEA-TMTO COMPOUND 70°C. 


10.0 
TIME - HOURS 


Fig. 4.—Effect of oil on stress relaxation: Hevea TMTD compound at 70° C, 
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T 


EFFECT of on STRESS RELAXATION 


COMPOUND 24°C. 


Fig. 5.—Effect of oil on stress relaxation: GR-S-10 compound at 24° C, 


_EFFECT of OlL_on STRESS RELAXATION 
GR-S-10 COMPOUND 70°C. 


astm. ‘3 


10.0 
TIME HOURS 


Fic. 6.—Effect of oil on stress relaxation: GR-S-10 compound at 70° C, 
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EFFECT of OIL on STRESS RELAXATION 
NEOPRENE GN COMPOUND 24°C. 
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. 7.—Effect of oil on stress relaxation: Neoprene-GN compound at 24° C, 


EFFECT of OlL_on STRESS RELAXATION 
NEOPRENE GN of 70°C. 


10.0 
TIME ~ HOURS 


Fic. 8.—Effect of oil on stress relaxation: Neoprene-GN compound at 70° C, 
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EFFECT of OlL_on STRESS RELAXATION 


HYCAR OR-IS- TMT.0. COMPOUND 24°C. 


ASTM. 
ASTM. 72 OW 
OW 


wo 
TIME ~ HOURS 


Effect of oil on stress relaxation: Hyear OR-15 TMTD compound at 24° C, 


EFFECT of OlL_on STRESS RELAXATION 
HYCAR COMPOUND 70°C 


).—-Effect of oil on stress relaxation: Hycar OR-15 TMTD compound at 70° € 
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EFFECT of POLYMER ot 70° 
“3 OW 
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11.--Effect of polymer on stress relaxation: ASTM No. 3 oil at 70° C 


EFFECT of TEMPERATURE 


0.1 wo 100.0 1000.0 
TIME — HOURS 


. 12.—Effect of temperature (24, 45, 70, and 90° C): GR-S-10 compound--ASTM No. 3 oil 
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error in the determinations is in the order of 1%. With the jigs used in the 
long-time tests a possible source of error was introduced as the distance between 
the plates, when the specimen is compressed, is important. Extreme care was 
used in maintaining the distance constant, and duplicate tests in the oil cup, 
where the sample was continuously in the testing machine under constant de- 
formation, show no major error results as long as a single operator makes all 
the measurements using the same technique. 


EXPERIMENTAL RESULTS 
EFFECT OF TYPE OF OIL 
Figures 3-10 inclusive are the data showing the effect of the three oils at 
room temperature and 70° C for the compounds of natural rubber, GR-S, Neo- 
prene GN, and Hyecar OR-15, whose recipes are in Table 1. 
TABLE 3 


Errect oF TEMPERATURE 


ASTM No. 1 oil ASTM No. 3 oil 
8/So at temperatures of S/So at temperatures of 
20°C °*45°C 70°C 90° C 24°C 45°C 70°C 90 C 
Compound 1 
0.01 1.000 — 1.000 1.000 1.000 -—— 1.000 1.000 
0.1 0.910 — 0.940 0.955 0.910 _ 0.958 0.955 
0.878 0.905 0.918 0.878 0.908 0.918 
10. 0.838 —_ 0.850 0.858 0.838 — 0.848 0.868 
100. 0.794 a 0.795 0.842 0.795 — 0.841 0.920 
1000. 0.756 — 0.927 0.900 0.780 i 1.090 1.022 
5000. 0.798 — 0.750 1.055 1.110 
10000. 0.840 — 0.726 — 1.200 — 0.750 
Compound 2 
0.01 1.000 — 1.000 1.000 1.000 1.000 1.000 1.000 
0.1 0.867 — 0.940 0.925 0.870 0.910 0.952 0.925 
2. 0.792 — 0.900 0.875 0.800 0.868 0.905 0.875 
10. 0.744 — 0.856 0.790 0.750 0.823 0.860 0.790 
100. 0.700 — 0.785 0.700 0.715 0.780 0.850 0.752 
1000. 0.650 _— 0.710 0.700 0.680 0.738 1.040 0.760 
5000. 0.647 0.790 0.775 1.040 
10000. 0.650 0.780 0.940 0.930 
Compound 3 
0.01 1.000 1.000 — 1.000 1.000 1.000 1.000 
0.1 0.880 ~ 0.917 —~ 0.905 0.910 0.940 0.925 
a 0.822 ~- 0.855 — 0.832 0.843 0.860 0.830 
10. 0.770 -- 0.790 i 0.760 0.776 0.788 0.675 
100. 0.703 as 0.610 _- 0.680 0.675 0.637 0.475 
1000. 0.590 -— 0.270 — 0.565 0.450 0.512 0.5 
5000. 0.450 — 0.238 — 0.420 —_— 0.712 — 
10000. 0.375 — 0.390 — 0.697 
Compound 4 
0.01 1.000 —_ 1.000 —_ 1.000 1.000 1.000 — 
0.1 0.905 — 0.948 0.905 0.940 0.950 = 
0.850 0.909 0.850 0.900 0.912 
10. 0.815 — 0.895 — 0.815 0.882 0.892 — 
100. 0.715 —~ 0.870 — 0.770 0.850 0.862 — 
1000. 0.720 — 0.735 — 0.725 0.800 0.755 — 
5000. 0.682 0.620 0.690 0.795 
10000. 0.672 0.575 0.675 0.855 


4 


STRESS RELAXATION OF VULCANIZATES IN OIL 


TABLE 4 
oF Compounps IN OIL 


Volume increase at 70° C in percentage 


Time 
(hours) ASTM No. 1 ASTM No. 2 ASTM No. 3 


5RBB 1 (N.R. TMTD Cure) 


123 
137 
141 
149 
161 
18] 


5RBB 2 (GR-S) 
19 
23 
35 
37 
39 
38 


5RBB 8 (Neoprene) 


5RBB 4 (Hycar OR-15) 
2 
3 
3 
7 
2 
7 


EFFECT OF POLYMER 


The data for the compounds of the four polymers tested in ASTM No. 3 oil 
are plotted in Figure 11. Two examples of each class of the easily swollen 
(natural rubber and GR-S) and swell-resistant rubbers (Neoprene GN and 
Hycar OR-15) are included. 


EFFECT OF TEMPERATURE 


Tests were made at various temperatures. Table 3 gives the results for the 
four compounds in the low and high swelling oils, ASTM No. 1 and No. 3. 
Figure 12 shows the accelerating effect of increasing temperatures. It is repre- 
sentative of the effect with other rubbers and oils. 


CORRELATION OF VOLUME SWELLING AND STRESS INCREASE 


Volume swelling was determined by ASTM method, D471-51T® on the 
compounds of the four polymers in the three oils at 70° C, for various times up 
to 1440 hours. Results are shown in Table 4 and Figure 13. 
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T T T 
VOLUME SWELL at 70°C. 


VOLUME SWELL 


NEOPRENE 3 OIL 


TIME - HOURS x 


Fic. 13.—Volume swelling at 70° C, 
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STRESS INCREASE 


40 60 80 100 120 180 
VOLUME SWELL —- % @ I440HOURS 


Volume swelling vs. stress increase in ASTM oils at 70° C. 
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From the best-fitting smooth curve for each combination of compound and oil 
the 1440-hour volume-swelling values were selected, and are plotted in Figure 
14 as a function of percentage stress increase relative to the values in air at 
1440 hours for the stress-relaxation tests. 


DISCUSSION OF RESULTS 


In many applications, the deterioration of physical properties of rubber 
brought about by contact with oil severely limits their application and (or) 
service life as swollen rubbers are usually of weak tensile strength and low 
modulus. The process by which this deterioration occurs is probably two-fold. 
The solvent action weakens molecular attraction forces in the rubber, while. 
the double bonds are stretched, which may lead to accelerated oxygen attack’. 

In intermittent stress-relaxation tests, in which the sample is allowed to 
swell unconfined between measurements of stress at constant deformation, the 
stress relaxation is accelerated by the presence of oil®. Continuous stress re- 
laxation tests, however, show a different behavior. In some cases, measure- 
ments of stress have shown that, after 5000 hours’ time, the values exceeded the 
initial stress and were always equal to, or greater than, the comparable measure- 
ments in air. In these tests the data are practically identical for an induction 
period which varies with the temperature and polymer, regardless of whether 
oil or air is in contact with the samples. After this induction period, the action 
of the oil becomes apparent as an increase in stress above the values obtained in 
the presence of air. This increased stress was observed for times up to 10,000 
hours. 


EFFECT OF OIL 


The three oils used in this investigation cover the range of swelling normally 
encountered in usual petroleum base oils. Figures 3 to 6 show the data for 
continuous stress-relaxation, with the samples immersed in the various oils at 
24 and 70° C, of natural rubber and GR-S. Both increase considerably in all 
three oils, and, for comparison purposes, results in air for the identical com- 
pounds from previous work are included. In every case ASTM No. | oil 
‘aused the smallest stress increase; ASTM No. 2 was intermediate, and ASTM 
No. 3 produced the greatest stress increase. 

The oil resistant-type rubbers, Neoprene and Hyear OR-15, were unaffected 
by ASTM oils at 24° C, as shown in Figures 7 and 9. They were practically 
unaffected by No. | oil with respect to stress-relaxation properties at 70° C; 
while ASTM No. 3 oil caused an appreciable increase in stress after considerable 
time, and No. 2 oil a more moderate trend in this direction, as shown in Figures 
Sand 10. 

The relatively long time for the onset of stress increase is in agreement with 
other investigators’, who found that mechanical stress applied so as to resist the 
expansion of the rubber reduces the amount of oil absorbed and thus the swell. 


EFFECT OF POLYMER 


Polymers are affected by oil, depending on their molecular constitution. 
Polar groups or halogen groups contribute to the oil resistance in proportion to 
the amount present. Natural rubber and butadiene-styrene copolymers, such 
as GR-S, are not noted for their resistance to oils, and they are easily swelled in 
poor swelling agents. Comparative data for compounds of natural rubber, 
GR-S-10, Neoprene-GN, and Hycar OR-15 are shown in Figure 11, for ASTM 
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No. 3 oil at 70° C. The rubbers were rated in the following order: Hycar 
OR-15 showed the least change, Neoprene considerably more, and GR-S and 
natural rubber the most. For comparison purposes, comparable curves ob- 
tained in air for the same polymer, compound, and temperature conditions are 
shown as dotted lines. The magnitude of the action of the oil on the rubber is 
then evident. 

EFFECT OF TEMERATURE 


Table 3 summarizes the results for the effect of temperature on stress re- 
laxation, and Figure 12 is representative of the rubbers in general. Increasing 
the temperature, in general, decreases the induction period and increases the 
rate and magnitude of stress increase above the values measured in air. In 
effect, the oil’s reactivity is increased with respect to the rubber, and at the 
higher temperatures the oil-resistant rubbers are affected. This condition is 
due to increased solubility and decreased molecular attraction between mole- 
cules of the rubber. 


CORRELATION OF VOLUME SWELLING AND STRESS RELAXATION 


Neither volume swelling nor increase in stress of the stress-relaxation tests 
had reached equilibrium at 1440 hours, but the volume-swelling curves appear 
to have reached a somewhat constant slope, so it was assumed that a pseudo- 
equilibrium had been attained, in that the rates were probably of the same order 
of magnitude at this time. The significance of this correlation of stress increase 
and volume swelling (shown in Figure 14) is that the former may be predicted 
from the data of the latter more easily performed test. 


CONCLUSIONS 


The practical implications of this study are that rubber compounds which 
swell in the presence of oil have a property which may be utilized in some ap- 
plications where it may serve a useful purpose. Examples are O-ring seals 
and other types of gaskets, where the rubber is used in compression. In these 
‘ases the stress decays more slowly with time, and in some cases the force would 
increase, and the tendency to leakage would be minimized. In these experi- 
ments the sample was relatively unconfined except for the direction of loading 
with only low frictional forces which tended to prevent increase in volume. It 
was noted (Figures 4 and 6) that, with natural rubber and GR-S at 70° C the 
stress reached a maximum between 1000 and 10,000 hours, which is a result of 
the sample reaching equilibrium with respect to swelling by the oil, and the 
stress then decreases, depending on the oxidative scission of bonds in the same 
manner as found for tests conducted in air. However, according to Scott?, the 
attack of swelling agents accelerates oxidation; so it is possible that this oxida- 
tive scission might be in addition to that normally measured in air’. 


SYNPOSIS 

Rubber seals, gaskets, and other applications are widely used where swelling 
agents such as oil are encountered. It was thought desirable to measure the 
stress-relaxation properties of various rubbers to determine their performance 
under such conditions. The results show that continuous stress relaxation is 
inhibited by the presence of oil, and that unconfined swelling measurements 
predict the degree of inhibition directly. The variable of temperature and 
types of oil were investigated. 


e 
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LIGHT SCATTERING OF GR-S SOLUTIONS * 


Rosert TREMBLAY AND MARCEL RINFRET 
Instirere oF Cuemistry, UNtversiry OF MONTREAL, QUEBEC 
AND 
Rivest 


University oF CALIFORNIA, BERKELEY, CALIFORNIA 


The light scattered by GR-S solutions of very small refractive index incre- 
ment presents an anomaly which has been reported'. The amount of scattering 
by a toluene solution of GR-S is approximately ten times as large as would be 
expected by the light scattering equation: 


Qn? — po \? 
mle ( ) (1/M) + 2B, 


where FR is the amount of light scattered by the solution at 90° relative to the 
light transmitted at 0°, Ro is the amount of light scattered by the solvent under 
the same conditions, N is the Avogadro number, A is the wave length of the 
incident light, uo is the index of refraction of solvent for wave length A, u is the 
index of refraction of solution for wave length X, ¢ is the concentration of the 
solute in gram per cubic centimeter of solution, M is the molecular weight of 
the solute, and B is a constant dependent on the solvent. 

At the time, the validity of the equation for small differences in refractive 
index between solvent and solution was questioned. 

Since then, it has been shown both theoretically? and experimentally*® that 
the equation holds for values of refractive index increment lower than that en- 
countered in toluene solutions of GR-S, as shown in Table 1. 

The results obtained for GR-S in toluene as recorded in Table 1 have been 
explained by Debye and Cashin? by assuming the probable presence of microgel. 

The work on GR-S was done with a sample prepared for us by the Polymer 
Corporation at Sarnia, Ontario, Canada. Since, according to Baker®, a con- 
version higher than 60 per cent will produce microgel, this sample was carried 
to less than 20 per cent conversion, and we believe that the presence of microgel 
is improbable in our solutions*. Moreover, the effect resulting from microgel 
should be independent of the solvent, as shown by our results with ethylene 
chloride. 

It has been shown’ that the composition of GR-S copolymer changes during 
conversion. The refractive index of the bulk polymer formed will be an average 
value, with part of the polymer higher and part lower in index than the average. 

In the case of a copolymer of homogeneous composition, a solution prepared 
with a solvent of refractive index identical to that of the polymer will not give an 
increase of scattering over that of the solvent. This is predicted by the equa- 
tion, since the value of (u — yo/c)* is obviously zero. 


* Reprinted from the Journal of Chemical Physics, Vol. 20, No. 3, page 523, March 1953. 
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TABLE | 
Molecular weight 


Accepted i 
Solvent Solute po)? value LS: Reference 
Ethylene chloride GR-S 2.72 X 107 125,000 140,000 
Toluene GR-S 0.31 X 10 125,000 1,000,000 
Chlorobenzene Polystyrene 0.98 X 10- 300,000 310,000 
Chloroform Polymethy] 


methacrylate 0.25 K 10° 240,000 232,000 


But in the case of GR-S the use of a solvent of refractive index identical to 
value, with part of the polymer higher and part lower in index than the average. 

In the case of a composition homogeneous copolymer, a solution prepared 
with a solvent of refractive index identical to that of the polymer will not give an 
increase of scattering over that of the solvent. This is predicted by the equa- 
tion, since the value of (u — po/c)? is obviously zero. 

But in the case of GR-S the use of a solvent of refractive index identical to 
the average refractive index of the polymer will increase the scattering over 
that of the solvent, even if the refractive index increment is zero. 

The reason is that the refractive index increment is a summation of (u — p°) 
terms for values of uw higher and lower than wo and, hence, can be zero, whereas 
the scattering is a summation of (u — yo)? terms over the same range for uw, and 
this cannot be zero. 

It is then proposed to determine the compositional heterogeneity of a sample 
of GR-S by determining the molecular weight by light scattering with a series 
of solvents of refractive index such that the retractive increment tends toward 
zero. If the GR-S is of homogeneous composition, no change of molecular 
weight will appear, but in the other case large differences should occur, as 
shown in Table 1 for toluene solutions. 


REFERENCES 


1 Rivest and rw og J. Chem. Phsyics 18, 1513 (1950). 

2 Debye and Cashin, J. Chem. Physics 19 510 (1951). 

§ Deby Foon Cashin, J. Chem. Physics 19, 510 (1951); Tremblay, R., M.S. Thesis, University of Montreal, 
1 


‘Tremblay, R., M.S. Thesis, U wrest of Montreal, 1951. 
5 Baker, Ind. Eng. Chem. 41, 511 (1949 

6 Medalia and Kolthoff, J. ee Sel 6, 433 (1951). 

7 Meehan, J. Polymer Sci. 1, 318 (1946). 


351 


SIMULTANEOUS EFFECTS OF PHENYL-3-NAPHTHYL- 
AMINE, SULFUR, AND VULCANIZATION ACCELER- 
ATORS ON THE OXIDATION OF RUBBER * 


A. S. Kuzminsxil N. N. LEZHNEV 


Screntiric Researcn Institute oF THE INpustrRY, Moscow, USSR 


Most rubber mixtures contain, besides antioxidants, sulfur and vulcanization 
accelerators, and these latter have a substantial influence on the oxidation 
process'. Consequently a study of the action of these substances when present 
simultaneously with antioxidants is important, particularly since there have 
been no reports concerning this question in the scientific literature. 

In an earlier article? we showed that sulfur, when dissolved in purified 
sodium-butadiene rubber, is a negative catalyst of oxidation. Above 70° C, 
the inhibitory effect of sulfur is only slight, and is manifest in a retardation of 
the autocatalytic process. This retarding effect is much more characteristic of 
sulfur than of ordinary rubber antioxidants. For example, when added to 
purified rubber, phenyl-8-naphthylamine prolongs the induction period, but 
has little influence on the rate of the final auto-accelerated reaction’. This 
behavior of phenyl-8-naphthylamine can be explained by its great inhibitory 
activity. It acts as a true inhibitor, even in the smallest concentrations’. 
Consequently, the autocatalytic reaction commences only when almost no 
phenyl-8-naphthylamine is present, whereas the period of partial retardation of 
this reaction in the case of an ordinary inhibitor is negligible. 

From this viewpoint, sulfur must be considered a weak inhibitor. This 
conclusion is warranted for oxidation at high temperatures, but is not necessarily 
true of this process at lower temperatures. This is confirmed by the large tem- 
perature coefficient of combination of sulfur in comparison with the coefficient 
of combination of phenyl-6-naphthylamine during the oxidation of rubber. In 
fact, the more effective inhibiting action of sulfur compared with that of phenyl- 
B-naphthylamine at normal temperatures is now established‘. 

The behavior of rubber-sulfur-phenyl-6-naphthylamine systems during 
oxidation is quite unique. Rubber was oxidized on glass plates, in the form of 
films 30-40 thick, and phenyl-B-naphthylamine and sulfur were added in the 
form of solutions. The oxidized films were extracted in vacuum extractors, 
first with pure methanol, and then with acetone. The quantity of phenyl-6- 
naphthylamine was measured colorimetrically in alcoholic solution’. The 
acetone extract was evaporated and the residue was dissolved in benzene. The 
quantity of sulfur was measured by adsorption spectrometry in a field of 4000 
A, in the absence of any other substance in the benzene solution. The kinetics 
of absorption of oxygen was studied with an apparatus described previously?. 
The rubber, sulfur, phenyl B-naphthylamine, and acceierators were carefully 
purified. 


* Translated for Russer Cuemistry aNp TrecHNOLOGY by Alan Davis from Doklady Akademit Nauk 
Soyuza Sovetskikh Sotsialisticheskikh Respublik (Reports of the Academy of Sciences USSR), Vol. 83, No. 1, 
pages 111-114 (1952). 
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Sulfur is apparently consumed more rapidly than phenyl-8-naphthylamine 
(see Figure 1), the rate of consumption of which is greatly retarded by the pres- 
ence of sulfur, and the process then ceases to follow a linear law. The sulfur 
darkens the phenyl-8-phenylamine and consequently is more, not less, active, 
than this antioxidant with respect to the new active centers. However, when 
both sulfur and phenyl-8-naphthylamine are present, the autocatalytic reaction 
commences very early, 7.e., when there is still free sulfur in the system and hardly 
any phenyl-p-naphthylamine has reacted. The autocatalytic process then 
progresses slowly. 

Thus it appears that sulfur in the presence of phenyl-6-naphthylamine 
reacts with the latter, and also with the active centers formed as a result of 
oxidation. However, in distinction to phenyl-6-naphthylamine, it does not 
give stable byproducts. At high temperatures sulfur is a weak antioxidant, 
based on the net effect. The mechanism of inhibition is complicated and is 
undoubtedly different from that of the action of phenyl-8-naphthylamine. 


5, oS 0 8 


Fic. 1.-Kinetics of consumption of phenyl-6-naphthylamine and sulfur during oxidation of sodium-buta- 
diene rubber (sulfur and the amine added in equimolecular amounts). Oxidation temperature 120° C. 


1. Consumption of phenyl-8-naphthylamine 
2. Consumption of sulfur 
3. Consumption of phenyl-8-naphthylamine when there was no free sulfur in system 
4. Absorption of oxygen 

Content of free phenyl-8-naphthylamine and sulfur in rubber in moles per liter® 
(Q) Content of bound oxygen in rubber in moles per liter* 


The first step in the inhibition—the reaction of the antioxidant with the 
oxygen-bearing active centers formed during the oxidation of rubber—leads 
directly, or through a single secondary reaction or several secondary reactions, 
to the following products: 


(1) In the case of the common antioxidant, phenyl-B-naphthylamine, to 
the formation of inactive byproducts through the entire temperature range from 
normal to very high temperatures, 7.e., 20°-200° C. 

(2) In the case of sulfur, to the formation of byproducts which are only 
slightly active or are inactive at low temperatures, but are active at higher 
temperatures. At 120° C, this activity appears to be such as to make possible 
a reaction with oxygen and certain intermediate compounds formed during 


nt 
{93 

(86 

e 4 400 = 
| 
“ 
~ 
Q06 

| 
Hours 

‘ 


RUBBER CHEMISTRY AND TECHNOLOGY 


70 


Fig, 2.—hinetics of consumption of phenyl-6-naphthylamine and sulfur during oxide ation of 
sodium-butadiene rubber (8 parts of sulfur added to 1 part of amine 
1. Consumption of phenyl-8-naphthylamine 
2. Consumption of sulfur 
3. 


‘onsumption of pheny!l-8-naphthylamine in the absence of sulfur 
The experiment was stopped after 84 hours. Symbols are the same as those of Figure 1 


autocatalysis, but it is insufficient for any reaction with phenyl-6-naphthyl- 
amine. 

The high reactivity of sulfur with respect to the active centers formed during 
the oxidation of rubber is not a satisfactory criterion for an appraisal of its in- 
hibition properties. Thus, at high temperatures sulfur is a weak antioxidant ; 


if phenyl-8-naphthylamine is present, sulfur prevents it from exerting any 
protective influence. Consequently, sulfur plays a harmful role at high tem- 
peratures. This phenomenon is complicated by the additional structure forma- 
tion which sulfur causes. Thus, the simultaneous effects of sulfur and phenvyl- 
B-naphthylamine are not additive and depend on the temperature. 


AGS 


HS OH 
Hours 


Fie. 3.—Kinetics of consumption of phenyl-8-naphthylamine during oxidation of sodium- butadiene 
rubber containing equimolecular quantities of eight ingredients. 

1. Mercaptobenzothiazole 

2. Mercaptobenzothiazole and sulfur 


3. 
4. ) Stearic acid, zine stearate, and only phenyl-§-naphthylamine 


6. Diphenylguanidine 

7. Sulfur 

8. Tetramethylthiuram disulfide 

(i) Content of phenyl-8-naphthylamine in the rubber 
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In connection with the very complex nature of the process, the integral 
effect of inhibition must depend also on the relative concentrations of the anti- 
oxidants. In fact, the presence of a large excess of sulfur over phenyl-6- 
naphthylamine in the rubber prolongs the induction period. 

It is interesting to note that many active ingredients in rubber mixtures have 
a strong influence on the oxidation process, in certain cases accelerating and in 
other cases retarding the process. As a result of the competition of these sub- 
stances with respect to the new active centers of the system, a peculiar kinetics 
of their consumption is observed during the oxidation of rubber containins 
two or more active ingredients. For example, Figure 3 shows the kinetic 
curves of consumption of phenyl-8-naphthylamine during the oxidation of 
rubber containing, with respect to phenyl-8-naphthylamine, equimolecular 
quantities of mercaptobenzothiazole, mercaptobenzothiazole and sulfur, stearic 
acid, zine stearate, diphenylguanidine, and tetramethylthiuram disulfide. 
Here, as in the case of sulfur, there is no evidence of additivity in the action of 
two or more active substances. 

As we know, the peculiar action of certain sulfur-bearing substances, and in 
particular, sulfur itself, consists in the fact that, as a result of their participation 
in the exidation process, additional processes of structure formation take place 
which strongly influence the mechanical properties of the rubber undergoing 
oxidation. The question of the influence of bound sulfur on the oxidation of 
vulcanizate is the object of a separate investigation. 
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STABILITY OF THE VULCANIZED CROSS-LINK IN 
BUTYL RUBBER: THEORY AND APPLICATION * 


R. L. Zapp anv F. P. Forp 


CuemicaL Division, Esso LAsporatories, STANDARD Or, DeveLopment Co., Linpen, N. J. 


INTRODUCTION 


When rubberlike polymers are vulcanized with sulfur, the process involves 
two competing phenomena. The competing reactions are cross-linking and deg- 
radative in nature, and the conditions of vulcanization, as well as the extent, 
govern the rate at which these actions take place. At lower temperatures (110 
to 150° C) vulcanizate degradation is held at a minimum, while higher tempera- 
tures usually accelerate the reversion process. 

A recent stoichiometric study! of sulfur addition during Butyl rubber vul- 
canization revealed that the cross-link was composed of two atoms of sulfur. 
Calculations from analytical data placed the number of atoms at 1.7 to 2.2 per 
cross-link. This degree of constancy was maintained, regardless of the extent 
of vulcanization, until the onset of reversion. Reversion is the degradative 
process opposite to cross-linking. It can be pictured as the breakdown of the 
sulfur bridges between polymer molecules, and in Butyl it is evident at vul- 
canization temperature above 350° F. in 20 minutes. 

The type of rubber plays an important part in the relative way the two com- 
peting reactions occur. In addition, the whole process of cross-linking and re- 
version may be complicated by oxidative phenomena in predominantly diene 
type polymers. For example, when the vulcanization of natural rubber is pro- 
longed, softening of the structure is followed by a hardening of the network, 
attributed to oxidation or cyclization’. With Buna type rubbers, the softening 
action is barely evident before continued heating leads to a harder less extensi- 
ble material As shown by Andrews, Tobolsky, and Hanson, the stress of a 
GR-S vulcanizate under intermittent strain increased on aging at 130° C*. The 
stress of a Butyl sample remained essentially unchanged under the same condi- 
tions for about 10 hours, whereupon noticeable stress relaxation ensued. The 
use of an elastomer with a chemical unsaturation of 1 to 2 mole per cent of that 
found in polyisoprene reduces the opportunities for cyclization reactions. Ob- 
servations on the stability of the sulfur cross-link can be made with less inter- 
ference. 


STABILITY OF THE VULCANIZED NETWORK 


The severance of cross-linking proceeds at high temperature until a state 
approaching solubility is reached. This is illustrated in Figure 1, with special 
emphasis given to the curve for 400° F. In this figure the course of the vulcan- 
ization reaction with respect to time is followed by equilibrium volume swelling 
measurements‘ in cyclohexane at 25° C. As the concentration of cross-links 
increases, the swelling capacity or ability of the network to imbibe solvent is 
reduced. States of vulcanization represented by 2000 per cent volume increase 


* Reprinted from the Journal of Polymer Science, Vol. 9, No. 2, pages 97-113, August 1952. 
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can be described as tenuous gels approaching solubility. Figure | presents 
four curves depicting the course of vulcanization, at four temperatures, of the 
simple compound shown below: 


Butyl (GR-I) 100 parts by weight 
Zine oxide 5 parts by weight 
Sulfur 2 parts by weight 
TMTDS* 1 part by weight 


At 250 and 300° F, the course of reaction shows only an increase in the con- 
centration of cross-links in the time intervals plotted. At higher temperatures, 
the upswing of the time-volume swelling curves indicates the onset of reversion. 
This rate of degradation is accelerated at 400° F to the extent that it interferes 
with the full development of cross-linking, as depicted by the minimum swell. 
A minimum swelling capacity of about 500 per cent is reached with the three 
lower temperatures. 


TETRA METHYL THIURAM DISULFIDE ACCELERATION 


300° F. 


350°F. 


% VOLUME INCREASE 


10 
TIME IN MINUTES 


Fia. 1, 


Just as organic accelerators alter the rate of rubber vulcanization, so also do 
they affect the extent and rate of the degradation reaction. In Figure 2, : 
tellurium derivative of dithiocarbamic acid, TDEDC, promotes a more rapid 
vuleanization reaction, wherein the reversion tendencies are reduced. Two 
points should be emphasized in this series of curves. At 350 and 400° F, the 
upward swing of the time swelling curves is much less prominent. And, second, 
this reduction in the degradative side reaction has allowed the network to reach 
an ultimately higher degree of cross-linking. This is illustrated by the fact 
that all curves, including the one at 400° F, tend to approach a slightly lower 
level of volume swelling than do the curves of Figure 1. Further insight into 
these accelerator differences is provided in a following section. 

Thiazole accelerators as a class are much less efficient promoters of Butyl 
rubber vulcanization than are dithiocarbamates. However, the use of their 
slow accelerating action is not accompanied by any reduction in rates of rever- 
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sion. In fact the converse is true. The curves of Figure 3 follow a vuleaniza- 
tion accelerated by one of the thiazole derivatives, BTMCS. 
Compound formulas for the accelerations of Figures 2 and 3 are given below: 


Figure 2 Figure 3 


Butyl (GR-I) 100 100 
Zine oxide 5 5 
Sulfur 2 
TDEDC* 1.5 


BTMCS 1.2 


* Approximate mniolecular equivalent to 1 part by weight of TMTDS, based on number of dithiocarba- 
mate radicals per molecule. 


In Figure 3 the vulcanization curves at all temperatures illustrate a much 
lower level of accelerator efficiency. Only relatively high volume swells of the 
order of 800 to 1000 per cent are achieved. This degree of swelling is indicative 
of a cross-link concentration of 4 to 4 that obtained from dithiocarbamate ac- 


TELLURIUM DIETHYL DITHIOCARBAMATE ACCELERATION 
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celeration. This reduced activity is also accompanied by sharp onsets of re- 
version at 350 and 400° F before any real vulcanization takes place. In an- 
other sense the reversion reaction in this case may be so predominant that the 
net effect is to overtake the cross-linking reaction before a sufficient concentra- 
tion is reached. 


MECHANISM OF REVERSION 


Physically, reversion is evidenced by an increase in swelling capacity of a 
vuleanized network, as described in Figures 1 through 3. A decrease in the 
elastic modulus is another manifestation of reversion. Both these conditions 
are evidence that the cross-linked network is being severed at a few points. 
Assuming that the picture of a disulfide cross-link! is reasonably correct for 
a Butyl vulcanizate, a severance at the disulfide bond rather than along the 
carbon polymer chain would be more probable. Organic polysulfides undergo 
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thermal fission at the S—S bond, at temperatures above 140° C®%. These 
fission products may capture hydrogen to form thiol products, thereby eliminat- 
ing a chance for recombination. In addition to thermal decomposition, the 
formation of byproducts during vulcanization may influence the stability of the 
sulfur cross-link. For example, it is known that hydrogen sulfide is formed 
during the vulcanization process’. Its presence in small amounts at the initial 
stages of vulcanization has a catalytic influence on the reaction. However, a 
build-up of hydrogen sulfide concentration during the latter stages can result in 
breakdown of the network*. This has been demonstrated by showing that the 
rate of creep under tension of a Butyl vulcanizate is greatly accelerated in an 
H.S atmosphere’. 

Early literature references cite the relative ease with which organic disul- 
fides may be decomposed. Otto and Rossing’ reduced an alkyl disulfide with 
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an alkali thiol: 
R—SS—R + 2 K.S —-——> 2 RSK + K.S, 


Lecher"™ performed a similar reduction with an alkali mercaptide: 
R—SS—R’ + 2 R’SK ——> 2 R’'S—K + R”’—SS—R” 


Therefore, in view of the work of Craig and coworkers® and the demonstrations 
on creep of Butyl vuleanizates’, it would be reasonable to assume that H.S or 
perhaps thiols would perform in a manner similar to the alkali sulfides or mer- 
captides. In this case the R radical would represent a segment of the polymer 
chain. 

Analytical methods designed to detect the presence of thiol sulfur in well 
vuleanized and the reverted Butyl networks support the theory that reversion 
is a breakdown of disulfide links to thiol groups. The samples to be tested were 
given an intensive extraction, first in benzene for § hours, followed by 16 hours 
in methylethyl ketone. All free sulfur and soluble agents or products of vulean- 
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ization should be removed from Butyl by this treatment'?. Extraction was 
carried out on sections of cured slabs 0.035 inch thick. 

For this analysis methods were developed similar to those employed for the 
determination of thiols in petroleum products" by argentometric titration. 
Butyl vulcanizates were physically disintegrated into a finely divided and highly 
swollen suspension in naphtha by a Waring Blendor. This suspension was 
either shaken overnight or agitated for 15 minutes in an ultrasonic vibrator, 
with an excess of standard silver nitrate solution. The water layer was sep- 
arated and the naphtha suspension repeatedly washed with distilled water. 
These washings were added to the original water layer, and the amount of silver 
nitrate used up in reaction with possible thiol groups was determined by back- 
titrating with standard ammonium thiocyanate solution, with ferric alum as the 
indicator. 

Some results are shown in Table I, where it is readily seen that the reverted 
samples which exhibit high swelling capacity contain the most thiol sulfur. 
The second sample of this table shows the effect of continued high temperature 
heating of a Butyl gum compound with tetramethylthiuram disulfide accelera- 


TABLE 


REVERSION AND TH1oL CoNnTENT IN ButyL VULCANIZATES 


Per cent 
Volume S as 
Cure Accelerator swelling thiols Remarks 


80 min. at 300° F TMTDS 360 2c Overnight shaking 
Ultrasonic vibrator 
80 min. at 300° F plus 30 min. 


at 400° F TMTDS 1560 h Overnight shaking 
8: Ultrasonic vibrator 

Degraded in H.S atm. TMTDS _ Soluble j Overnight shaking 
80 min. at 300° F TDEDC 310 i Overnight shaking 
0: Ultrasonic vibrator 


80 min. at 300° F plus 30 min. 
at 400° F TDEDC 480 F Overnight shaking 
Ultrasonic vibrator 


tion. In this connection it is interesting to observe, from past data on the 
stoichiometry of sulfur vulcanization, that the organically combined sulfur at 
optimum cure would be about 0.8 per cent. Reversion therefore has transferred 
almost all the cross-linking sulfur to thiol groups. The third sample has been 
degraded by heating a thin Butyl vulcanized slab in the presence of hydrogen 
sulfide at 300° F. This treatment reverts the network to a soluble state, and, 
after repeated solution and precipitation to remove free H,S, the material con- 
tains about 1 per cent of sulfur in the thiol form. 

In the section on vulcanizate stability, it was stated that tellurium deriva- 
tives of dithiocarbamic acids when used as Butyl rubber accelerators imparted 
a marked resistance to reversion. Examples of this are shown with the data 
for the last two samples in Table I. The fourth sample represents a TDEDC- 
accelerated Butyl compound at a maximum state of cross-linking. The thiol 
content is low. When this sample was given an additional high temperature 
heating, the degree of reversion was much smaller than in the case of the second 
sample, as shown by volume swelling determinations The thiol content (al- 
though the precision of the measurements is poorer in this instance) has not in- 
creased in the extreme degree of the second sample 
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These observations appear to tie the reversion or decomposition of sulfur 
bridges in a Butyl rubber vulcanized network to the formation of thiol groups, 
and suggest the retardation of reversion by oxidizing agents. In general rub- 
ber technology, stabilization of vuleanizates by oxidizing agents would be 
novel, since predominantly diene rubbers would be more sensitive to the pres- 
ence of oxygen. This concept would be different from the one where oxidizing 
agents are used to promote the vulcanization reaction. The substitution of 
ZnO by oxidizing agents is an example“. Since the Butyl polymer chain is 
more resistant to the effects of oxygen, stabilizing the disulfide cross-links in 
presence of oxidizing agents has practical possibilities. 


RETARDATION OF THE REVERSION PROCESS 


The class of oxidizing agents which have been found to be effective in the 
retardation of reversion are metallic peroxides and dioxides. Other types, 
such as organic peroxides, degrade the polymer to too great an extent ; quinone 
and its derivatives retard the vulcanization process; and aromatic nitro com- 
pounds yield networks inferior to the controls. Other inorganic oxidizing 
agents, as chlorates, persulfates, oxychlorides, are too drastic. 

Four metallic peroxides or dioxides found to be effective in retarding 
reversion are: 


O 
Calcium peroxide, Ca Manganese dioxide, MnO» 
O 
oO 
Lead dioxide, PbO» Strontium peroxide, Sr 
O 


In Figure 4 the course of the vulcanization reaction of a Butyl compound with 
and without calcium peroxide is followed by volume swelling in cyclohexane. 
The volume swelling values have been transformed by the use of the Flory- 
Rehner* equation into molecular dimensions for the networks at various stages 
of vuleanization. The ordinate then is given as the average molecular weight 
between cross-links ; the abscissa is presented on a log scale so that the extended 
times of reaction may be compressed. ‘Two series of curves are shown at 400 
and 350° F. Curve | in each case represents the control compound, and curve 
2 contains 8 parts of CaO» per 100 parts of polymer. At both temperatures the 
effectiveness of CaO, in reducing reversion on extended heating is apparent. 
At 350° F, CaO, maintains the rigid network, with only a slight increase in the 
molecular chain distance between cross-links. In the control vulcanizate, 
with no CaO» present, reversion has progressed until the chain length between 
cross-links is about three times that found in the retarded compound. 

This maintenance of a more rigid network is reflected in the elastic modulus 
properties of the same two compounds. The ability of CaO, to maintain a 
higher modulus after prolonged heating is shown in Figure 5. The equilibrium 
moduli values at 50 per cent extension were obtained on a triple beam balance 
equipped with a calibrated hydrostatic float; this arrangement allowed rapid 
adjustment for changes in the internal stress of the sample at constant elonga- 
tions. 
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EFFECT OF CALCIUM PEROXIDE ON REVERSION 


CONTROL,NO CaOe 


2- 8 PARTS CaOe 
ON 100 PARTS POLYMER 


: 


: 


Mc, MOLECULAR WT. BETWEEN CROSS LINK 
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Fig. 4. 


To show that the presence of CaO», which retards the reversion of the net- 
work, also reduces the formation of thiol groupings, the 10-minute cures and 
the 80-minute cures at 350° F were analyzed for thiol sulfur. The results are 
presented in Table II. The thiol sulfur contents and the volume swelling 
capacity of both the 10-minute cures at 350° F are similar. As the time of 
vulcanization is extended, the presence of CaQ, is asserted, so that at 80 minutes 
the retarded sample shows a much smaller increase in swelling capacity and 
thiol content than the control. 

A comparison of the four metallic dioxides and peroxides which retard re- 
version is made in Table III. At the extended vulcanization of 80 minutes at 
350° F, all four of the metallic dioxides or peroxides show positive reduction in 
the swelling capacity as curing is prolonged. Strontium peroxide exhibits the 
most modest improvement. 

The explanation for the effectiveness of some oxidizing agents, especially 
certain peroxides or dioxides, is not clearly defined. An attempt was made to 
correlate retarding power with the temperature of decomposition of the per- 


TABLE II 


RETARDATION OF TH1oL Group FoRMATION WITH CALCIUM PEROXIDE 


Volume 
Cure Composition swelling Per cent Remarks 

10 min., 350° F TMTDS control 520 , Overnight shaking 
Overnight shaking 

Ultrasonic vibrator 

80 min., 350° F TMTDS control 5: Overnight shaking 
10 min., 350° F TMTDS + CaO, F Overnight shaking 
y Ultrasonic vibrator 

80 min., 350° F TMTDS + CaO, ! Overnight shaking 
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EFFECT OF CALCIUM PEROXIDE ON REVERSION 
ELASTIC MODULUS (AT 50% EXTENSION) AS A FUNCTION OF 
VULCANIZATION TIME 


2.- 8 PTS. CaOe PER 


1. - CONTROL - NO 
100 POLYMER 


STRESS — LBS/SQ.IN. 


Fia. 5. 


oxide, but such data correlated only roughly with the ability of the metallic 
dioxide to retard reversion. A list of the decomposition temperatures are given 
in Table IV; they include available values obtained from a chemical handbook 
and values determined approximately in the laboratory. 

It has been stated that barium peroxide and magnesium peroxide do not 
retard reversion. Explanations for this inactivity are based on the stability of 
the former and the low temperature at which the latter evolves oxygen. Mag- 
nesium peroxide is more “explosive” in nature, so oxygen is expelled before it 
has had the opportunity to oxidize any thiol groups. The dioxides or peroxides 
that are effective have decomposition temperatures within the temperature 
range of 275-600° C, according to the values of Table 1V. Within this range of 


TABLE III 


AND PEROXIDES AS REVERSION RETARDERS 


Component, Control 
weight 3 


GR-I 100 
Zine oxide 

Sulfur 

TMTDS 

CaO, 

PbO, 

MnO, 

SrO. 


Per cent volume swelling 
A. 


Time of cure 
at 350° F 2 3 4 


10 min. 460 480 430 
80 min. 930 860 790 
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TaBLe VI 


Decomposition TEMPERATURES OF METALLIC PEROXIDES AND DIOXIDES 
Compound Approximate decomposition temperature 


O 
Barium peroxide, Ba. 800-900° C (handbook value) 


O 
Manganese dioxide, O=M=O 565° C (laboratory determination) 
O 


Strontium peroxide, Sr 376-432° C (laboratory determination) 


xe) 
Lead dioxide, weet: * 290° C (handbook value) 


Calcium peroxide, Ca. 275° C (handbook value) 


Magnesium peroxide, Mg 116° C (laboratory determination) 


temperature, the retarding action of the remaining four compounds does not 
correlate with the decomposition points, for manganese dioxide is more effective 
than strontium peroxide and on a par with lead dioxide or calcium peroxide. 
This range of decomposition temperature suggests other metallic polyoxides 
which might be effective retarders of reversion. These would include such com- 
pounds as chromium dioxide, palladium dioxide, iridium trioxide, and others 
which have not been tried experimentally. 

Metallic oxides, such as ZnO, play just as important a role in the promotion 
of Butyl rubber vulcanization as they do in other types. In the work with 
Butyl", it was postulated that ZnO, in addition to its activating effect'* (see also 
the section on the Mechanism of Reversion), might act as buffer against the 


TABLE V 


CoMPARISON OF MoNo- AND D1oxIDES OR PEROXIDES AS 
REVERSION RETARDERS 


Control 
A. 


Compound = 4 


Master batch 107 


MnO; 


Cure time 
at 350° F 2 3 4 


80 min. 480 460 500 
10 min. 920 1390 


Volume swelling 
A 
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accumulation of excess H.S. There was a chance that the metallic peroxides or 
dioxides might be acting in a neutralizing manner. In order to ascertain 
whether the effects noted with dioxides and peroxides were truely oxidative, the 
various polyoxides were compared with corresponding mono-oxides. 
For this series of experiments presented in Table V, a master batch of the 

following composition was prepared : 

GR-I 100 parts by weight 

Zine oxide 5 parts by weight 


Sulfur 2 parts by weight 
TMTDS I part by weight 


Total 107 


To 107 grams of this master batch were added 8 grams of the various metal 
oxides, and the resulting mixtures were vulcanized at 350° F. The course of 
vuleanization and reversion was followed by volume swelling measurements, 
as shown in Table V. In every case the dioxide or peroxide was far superior to 
the monoxide as a retarder of reversion. These data support the original 
hypothesis involving the formation of thiol groups and the subsequent retarda- 
tion of reversion by oxidative regeneration of the disulfide cross link. 

It has been reasoned during the course of the reversion experiments on Butyl 
that the technique of retarding reversion by oxidizing agents would be applica- 
ble only to this type of polymer. This was based on the fact that, with diene 
type rubbers of high unsaturation, cyclization and cross-linking through the 
action of oxygen compensates for the breakdown of sulfur cross links. Experi- 
ments were run to observe the effect of calcium peroxide in the vulcanization of 
highly unsaturated rubbers at 350° F, over extended curing times. These re- 
sults are presented in Figure 6. The extent of vulcanization was followed by 
volume swelling in benzene, a common solvent for butadiene-styrene copoly- 
mers, butadiene-acrylonitrile copolymers, and natural rubber. The curves for 
natural rubber (solid and open circles) show the characteristic softening, fol- 
lowed by a hardening process, as the curves descend the second time. CaQz in 
this instance has no significant effect aside from a slight retardation of the 
intermediate softening step. When the natural hardening action takes place, 
there seems to be no need for the oxidizing agent. 

In both the butadiene-styrene copolymer (solid and open triangles) and the 
butadiene-acrylonitrile copolymer (squares) the addition of the oxidizing agent 
contributes to a definite reduction in swelling capacity. This acceleration of 
the hardening by CaQOz would not be desirable in these types of rubbers, and 
would most certainly contribute to loss of flex life and elongation. 

Previously it has been stated that this oxidative technique for the retarda- 
tion was applicable to Butyl alone, since this type of molecular chain would be 
resistant to oxidation. Actually the Butyl chain is susceptible to oxidative 
breakdown when exposed in the raw state, but it is reasonable to assume there 
is a difference in susceptibility between the unvulcanized and the vulcanized 
state. When uncompounded Butyl is mixed with some of these dioxides and 
heated for a period comparable to the high temperature vulcanization cycle, 
there is some breakdown in molecular weight. Mixing eight parts of the vari- 
ous dioxides with one hundred parts of Butyl, and then heating for 80 minutes 
at 350° F, results in the molecular weight reductions of Table VI. This repre- 
sents about a 20 to 30 per cent reduction of molecular weight, but in spite of 
the apparent drawback, the dioxides and peroxides preserve the network 
structure and the physical properties of a vulcanized system. Therefore it has 
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been concluded that when the agents and products of vulcanization are present, 
the effects of the oxidizing agents on the Butyl polymer chain are minimized. 
With diene rubbers, the preponderance of residual unsaturation makes vulean- 
ized networks of this type susceptible to accelerated hardening by oxidation. 


APPLICATION OF THE PRINCIPLE OF REVERSION RETARDATION 


Rubber articles are often exposed to high temperatures for long periods of 
time. Such service conditions are similar to the prolonged vulcanization de- 
scribed in the preceding sections. An application which is indeed a prolonged 
vuleanization is the use of Butyl rubber in automotive tire curing bags. 

A curing bag resembles an inner tube, although it is much heavier; the walls 
of a curing bag are sometimes over an inch thick. It assists in shaping the raw 
tire, thus making it conform to the general shape of the tire mold. It also pro- 
vides the means through which pressure is applied to the inside of the tire, 
forcing it against the walls of the mold. The most important function of a bag 
is to provide some of the heat for vulcanization of the tire. This is accomplished 
by injecting superheated steam or water under pressure into the curing bag. 


TaBLe VI 


WeicHt Repuction By 


Time of heating at 350° F 


Compound 10 min, 80 min 
Control (raw GR-I) 315,000 310,000 
8 parts CaO, 240,000 220,000 
8 parts MnO, 270,000 240,000 


8 parts PbO, 250,000 210,000 
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(Heat is likewise applied to the tire through the mold.) A curing bag is ex- 
pected to perform satisfactorily in the vulcanization of a large number of tires. 
During such usage it may be exposed to temperature ranges alternating between 
40-60° F (in the case of cooling cycles) to 290-350° F during vulcanization. 
It is, of course, subjected to severe mechanical deformation during insertion in 
the raw tire, and extraction from the vuleanized tire. These severe thermal 
and mechanical conditions eventually make the bags unfit for use. Neverthe- 
less, under ideal conditions, a curing bag may have a service life of several hun- 
dred hours at vulcanizing temperatures. 

The deterioration of a Butyl bag is evidenced by a gradual softening of its 
surface. This softening is believed to be due to reversion of the polymer net- 
work. Furthermore, the normal reversion produced by prolonged exposure to 
elevated temperatures is believed to be accelerated by sulfur obtained from the 
tires. It is known that sulfur migrates from the carcass ply of a tire to the 
surface of a curing bag. Although this effect is slight in the case of a single 
tire, the gradual accumulation of sulfur on the bag surface is considerable. 


Tasie VII 


APPLICATION OF OXYGEN INHIBITION OF REVERSION IN AUTOMOTIVE 
Trre Curtna Baas 


Component, parts by weight 

GR-I-15 

Zine oxide 

HAF black 

Sulfur 

TDEDC 

TMTDS 

PbO: 


Tensile strength (lbs./sq. in.) 


Compounds vulcanized 
60 min. at 320° F 1 2 3 4 5 
Original 2275 2140 2060 2380 
Exposed : 
14 hrs. in steam, 320° F 1950 1580 1860 1000 1610 
28 hrs. in steam, 320° F 1925 1330 1700 825 1500 


Actual sulfur analyses have been made on curing bags at various stages of use. 
Samples may be obtained by slicing sections 3’; inch thick from areas of curing 
bags normally in contact with the tire carcass during vulcanization. While an 
unused bag may have a total sulfur content of about 1.90 per cent, used bags 
show increased sulfur content, depending on their length of service. The 
largest quantity found in one study was approximately 6.30 per cent total sulfur. 
This is equivalent to more than 10 parts of sulfur on 100 parts of polymer. The 
surface of such a bag is so soft that it must be discarded. 

As discussed above, the reversion or softening of vulcanized Butyl tire 
curing bags was aggravated by the increase in sulfur concentration due to 
migration. This increase in sulfur content would tend to promote the forma- 
tion of excessive amounts of hydrogen sulfide. Therefore in examining the 
practicability of prolonging the service life of this type of Butyl article, retard- 
ation of reversion was observed in the presence of higher levels of sulfur con- 
centration. Table VII gives a few compounds that illustrate the effect of 
oxidizing agents on reversion in the presence of five parts of sulfur instead of the 
normal two. A grade of fine furnace carbon black was used to obtain a practical 
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reinforced compound. Compound 1 is a composition, with a normal loading of 
sulfur and TDEDC as an accelerator. It will be recalled that this accelerator 
imparted an inherent ability to the compound to resist reversion, and network 
degradation and thiol group formation were held to a minimum. Compound 2 
represents an increased concentration of sulfur from 2 to 5 parts per hundred of 
polymer. Underneath each compound is a tabulation of tensile strengths be- 
fore and after a cured specimen was subjected to prolonged heating in steam. 
An atmosphere of steam at vulcanization temperatures was used to duplicate 
the conditions under which a curing bag operates. From the tensile data for 
compound 2, it is noted that the increased sulfur content reduces the ability of 
the vulcanizate to resist degradation. The incorporation of 10 parts of PbO. 
(column 3) reduces the rate of network degradation as shown by the correspond- 
ing list of tensile strengths. 

Compounds 4 and 5 are accelerated with TMTDS, an accelerator which 
normally imparts less resistance to reversion than TDEDC. The tensile data 
for compound 4 depict a rather drastic network reversion on exposure to pro- 
longed vulcanizing conditions. As in the other case, the addition of PbO» in 
compound 5 retards this degradation to a marked extent. At a level of 5 parts 
of sulfur per 100 of polymer, compound 3 containing TDEDC accelerator and 
PbO: possesses the greatest resistance to reversion. 


Fia. 7.—Application of reversion retardation by oxidizing agents. Numbers refer to 
compounds in Table VII. Blocks aged in steam 28 hours at 320° F. 


Pictorial evidence supports the data of Table VII in a manner duplicating 
the condition to which uninhibited Butyl curing bags may revert. This 
evidence is presented in Figure 7, where blocks one inch square of the cured 
compounds have been photographed after 28 hours of exposure to steam at 
320° F. The blocks have been sliced to expose the condition of the interiors, 
and degradation can be observed by the degree of porosity. The porous por- 
tions of the blocks are soft and tacky. The numbers correspond to those of 
Table VII. Sample 4 containing no PbO, and TMTDS accelerator displays 
the most porosity. Sample 2 and unhibited TDEDC accelerated compound 
at a level of 5 parts of sulfur shows a slight porosity. The compounds inhibited 
with PbO., namely, 3 and 5, appear solid and nonporous. Compound | at a 
low or normal sulfur level in the presence of TDEDC remains resistant to 
change. 


SYNOPSIS 


It has been determined analytically that, when a Butyl vulcanizate softens 
during exposure to high temperature, the disulfide cross links between polymer 
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chains break down to thiol groups. Of all the accelerator types, telurium de- 
rivatives of dithiocarbamic acids impart the greatest inherent resistance to 
this reversion. Such a mechanism of breakdown, however, suggested the use of 
oxidizing agents to reform the disulfide cross linkage, and four metallic peroxides 
or dioxides have been found effective. These are CaOQs, MbOs, and 
Barium peroxide is too stable to be an effective oxidizing agent while magnesium 
peroxide expels oxygen too rapidly for an effective retarder. Other types of 
organic and inorganic oxidizing agents have not proved beneficial. The fact 
that an oxidizing action is responsible for retardation of reversion has been 
demonstrated by the fact that the corresponding mono-oxides of calcium, 
strontium, lead, and manganese do not perform in the same manner. In rub- 
ber technology the stabilization of vulcanized materials by oxidizing agents is 
novel and it appears applicable only-in the case of Butyl whose low unsatura- 
tion offers greater resistance to oxidation of the chain proper. When CaQ, is 
added to diene type rubbers such as Buna 8, Buna N, and natural rubber the 
common oxidative effects are accelerated. With the Buna rubbers the harden- 
ing action is more rapid, while with natural rubber a softening followed by 
hardening action is promoted. 

A practical illustration of this principle of retarding reversion of Butyl vul- 
canizates by oxidizing agents has been presented. It has been demonstrated in 
the laboratory that the service life of automotive tire curing bags made from 
Butyl can be prolonged by the addition of these metallic dioxides or peroxides 
to the compound. 
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THE ADDITION OF THIO COMPOUNDS TO OLEFINS. 
III. REACTIONS OF TRI- AND HEXAMETHYLENE- 
DITHIOLS, AND OF BISTHIOLADIPIC 
AND BISTHIOLSEBACIC ACIDS * 


J. I. CuNEEN 


British Russer Propvcers’ Association, WELWYN 
Garpen Crry, Herts, ENGLAND 


In previous publications! the combination of thiophenol, thioglycolie acid, 
thiolacetic acid, and mono-, di-, and trichlorothiolacetic acids with cyclohexene, 
1-methylcyclohexene, 2-,6-dimethylocta-2,-6-diene (dihydromyrcene), squalene, 
and rubber hydrocarbon was described. In view of the facility with which 
most of these reactions proceed, it became of interest to study analogous reac- 
tions with bifunctional thiol derivatives, particularly in order to compare the 
cross-linking effects with those produced by conventional vulcanization pro- 
cedures. 

Reactions of tri- and hexamethylenedithiols, bisthiol-adipic and -sebacic acids 
with simple olefins —Both tri- and hexamethylenedithiol reacted slowly with 
cyclohexene at 140° in ordinary light, and after 12 hours only 20 per cent addi- 
tion had occurred. On irradiating a mixture of the reactants for the same time 
with ultraviolet light at room temperature, however, rapid combination en- 
sued, and quantitative yields of the respective biscyclohexy] sulfides, C,Hi1-8 
-(CHe]n-S-CeHi: (n = 3 and 6), were obtained. The products were char- 
acterized by oxidation to crystalline sulfones. The simple additive course of 
these reactions may be contrasted with the polymeric sulfides, —[CHz2],-S 
-(CH.],—, obtained by Marvel and Chambers? from diallyl and hexamethyl- 
enedithiol. 

Bisthioladipic and bisthiolsebacie acids combined as readily as the mono- 
functional acids with the olefins on mixing at room temperature. Cyclohexene 
formed the crystalline compounds, CysHi1-S-CO-[CH2],-CO-S-CeHu (n = 
4 and 8), which undergo hydrolysis to yield cyclohexylthiol. 1-Methyleyclo- 
hexene gave analogous liquid esters which on hydrolysis furnished 2-methyl- 
eyclohexylthiol, thus proving that the addition proceeds abnormally to give 
(I;n = 4and8). Dihydromyrcene and squalene also combined with the acids 
with comparable ease; dihydromyrcene yielded liquid polymers, and squalene 
gave insoluble rubbery substances. 


Me Me, 
$-CO-[CH.],-CO-S 
(I) 
* Reprinted from the Journal of Applied Chemistry, Vol. 2, pages 353-357, July 1952. Part I was 


ublished in Rusper Cuemistry AND TecHNo.oey, Vol. 21, pages 41-47, January 1948, and Part II in 
AND TECHNOLOGY, Vol. 21, paegs 471-583, April 1948. 
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TABLE I 
Reaction 
Dithiol Catalyst time Combined 
(%) Reaction conditions (hrs.) 

Hexamethylene, 5. None 140° 3 
Hexamethylene, 5. Ascaridole, 1.0 

Hexamethylene, 10. None Ultra-violet light z 
Trimethylene, i None 140° 3 


Trimethylene, 5. Ascaridole, 1.0 140° 18 


Reactions of dithiols and bisthiol acids with natural rubber.—Appreciable re- 
action between solid rubber and the dithiols could not be effected either by 
heating together at 140° in the presence or absence of peroxides, or by irradiat- 
ing with ultraviolet light‘. The recovered rubber contained only traces of 
combined sulfur, and was nearly always completely soluble in benzene (indicat- 
ing negligible cross-linking) (see Table I). 

On the other hand, combination with the bisthiol acids proceeds readily to 
give vuleanizates in which the cross-linking unit is evidently as in (II). 


CH, 
“CH-S-CO- (CH, ],-CO-8-CH 


/ 
—CH,-CHMe CHMe-CH.— 
(LI) 


The marked difference in reactivity exhibited by rubber towards these two 
classes of dithiols exactly parallels its behavior with the monothiol compounds’. 
Other methods than the conventional one of milling had to be used to mix the 
acids with rubber (see Experimental), since, under these conditions, the reaction 
is so rapid that the product crumbles and disintegrates after only a few min- 
utes’treatment. An interesting feature was that, although catalytic agents such 
as peroxides (Table III) and ultraviolet light (Table IV) increase the rate of 
combination, they appear to do so inhomogeneously. The vulcanizates thus 
obtained always developed extensive surface-cracking on stretching, with re- 
sulting poor and irreproducible elastic properties, whereas the products from 
uncatalyzed reactions were free from this defect. 

The vulcanization characteristics of some uncatalyzed reaction products of 
rubber and bisthioladipic acid are recorded in Table II, and the data are plotted 
in Figures 1, 2,and3. The degree of cross-linking was estimated from measure- 
ments of the equilibrium swelling in benzene at 25°. Swelling data are re- 
corded in the 5th column of Table II, where Q» is the volume of benzene ab- 
sorbed by unit volume of rubber. Figure 1 gives a plot of 104/M, (calculated 


Il 
Bisthiol-  Reae- 

adipic tion Com- Load (kg. per sq. cm Klonga- 

acid time Reaction bined — wo tion 

(hrs. ) temp. S(%) 300% 500% 700% Break (%) 

0.35 § 18 56 64 720 

0.50 ‘ 20 65 85 740 

0.70 “ 24 72 129 825 

1.20 6 35 106 164 810 

1.25 , 27 86 157 850 

1.50 5.6 37 106 170 810 

1.60 , 23 70 121 825 

1.80 x 35 95 185 865 


371 

0.4 
- 


372 RUBBER CHEMISTRY AND TECHNOLOGY 


from Q,, as described by Gee*) which is a relative measure of the number of 
chemical cross-links in the vulcanizate, against combined acid. There is 
reason to believe*® that 10*/M, as thus obtained is a linear function of the num- 
ber of chemical cross-links, rather than a proportional measure. 

Evidently the cross-linking efficiency falls rapidly as acid combination 
proceeds. The effect of cross-linking on tensile strength is shown in Figure 2 


2 4a 
COMBINED ACID, per cent 


Fic. 1.—Dependence of cross-linking on combined acid. 


(curve A) together with a similar curve (B) for rubber-sulfur vulcanizates’. 
The maximum in this curve has been found characteristic of all methods of 
vulcanization studied ; its absence in the bisthiol acid vulcanizates is ascribed 
solely to the failure to achieve a sufficiently high degree of cross-linking. 
Figure 3 gives a plot of combined acid against reaction time for reactions with 


a 


TENSILE STRENGTH, kg/mm 


Os ©) be 


On 


Fic. 2.—-Effect of cross-linking on tensile strength. A. Rubber-bisthioladipic 
acid. B. Rubber-sulfur. 


10 per cent acid at 100°, and shows that, after about 16 hours, combination has 
ceased, although only 45 per cent of the acid has been used up. Examination 
of the ‘unreacted acid’ recovered from a large-scale experiment showed that it 
was not bisthioladipic acid, but a complex mixture, probably consisting mainly 
of a ketone of the type CO(SH)-[(CH:)4-CO],-[CH:2],-CO(SH). Its 
molecular and equivalent weights were approximately double that of the 
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parent acid; its infrared spectrum showed bands at 2550 em.~', and 1704 em.~! 
attributable to the thiol and carbonyl groups respectively, the intensity of the 
2550 em.~ band being considerably reduced compared with the corresponding 
absorption in pure bisthioladipic acid. A product having very similar analytical 
data and infrared absorption characteristics was obtained by pyrolyzing bis- 
thioladipic acid at 180°, when hydrogen sulfide and carbonyl sulfide were 
evolved. It is evident, therefore, that the failure to use the whole of the acid 
effectively for cross-linking arises from its simultaneous removal by a side 
reaction. 


EXPERIMENTAL 


Trimethylenedithiol—This dithiol, prepared from trimethylene dibromide 
and thiourea by the method of Hall & Reid*® had b.p. 62°/14 mm. (Found: 
C, 33.5; H, 7.5;8, 58.4. Cale. for CsH3S.: C, 33.35; H, 7.4; 8, 59.2%.) 

Hexamethylene bisthiolacetate—When thiolacetic acid (35 g.) was added 
gradually to hexa-1,5-diene (18 g.), the usual exothermic reaction occurred. 
Addition was completed by heating the mixture at 100° for 15 minutes. Dis- 
tillation gave hexamethylene bisthiolacetate (47 g.) b.p. 170°/14 mm. (Found: 
C, 51.35; H, 7.9; S, 26.6. CrioHisO.S,2 requires C, 51.25; H, 7.7; 8, 27.4%), 
m.p. 31° after crystallization from light petroleum (b.p. 60-80°.) 

Hexamethylenedithiol—Hexamethylene bisthiolacetate (20 g.), ethanol 
(100 ce.) and 20% aqueous potassium hydroxide (100 ml.) were refluxed to- 
gether for 20 minutes. The cooled solution was acidified (acetie acid) and the 
precipitated dithiol collected via its ethereal solution and distilled. The dithiol 
(10 g.) had b.p. 112°/14 mm. (Found: C, 47.85; H, 9.5; 8, 42.3. Cale. for 
CeHuS:2: C, 48.0; H, 9.35; 8S, 42.6%.) 

Bisthiol-adipic and -sebacice acids.—Both acids were prepared in 70% yield 
by reaction of the corresponding acid chloride with hydrogen sulfide in pyridine® 
(Sunner & Nislon, 1942). Bisthioladipic acid had b.p. 106-107°/0.07 mm. 
(Found: C, 40.6; H, 5.7; 5, 35.6; equiv., 91. Cale. for C, 40.4; H, 
5.6; 8, 35.9%; equiv., 89.) Bisthiolsebacie acid had b.p. 130°/0.01 mm. 
(Found: 8, 27.1%; equiv., 118. requires 8, 27.359; equiv., 117.) 

Reaction of cyclohexene with tri- and hemazethylenedithiols.—(1) eyclohexene 
(4 g.), tri- or hexamethylenedithiol (2 g.), and ascaridole (0.05 g.) were heated 
in a Carius tube at 140° for 12 hours. Distillation at 11 mm. gave unreacted 
olefin and dithiol, and only a small residue (1 g.) of higher boiling material. 
(2) cyclohexene (4 g.) and tri- or hexamethylenedithiol (2 g.) were sealed in a 
Pyrex tube and irradiated with a Hanovia 8.500 mercury-vapor lamp (distance 
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6 in.) for 12 hours. Removal of unreacted materials on the water pump left a 
large residue. Trimethylenedithiol gave on distillation trimethylene biscyclo- 
hexyl sulfide (4.6 g.), b.p. 141-143°/0.1 mm. (Found: C, 66.0; H, 10.4; §, 
23.7. CisHosS2 requires C, 66.2; H, 10.3; 8, 23.55%.) This sulfide (1.6 g.) 
gave on oxidation by the standard procedure (Cunneen, 1947a) trimethylene 
biscycloheryl sulfone (1.7 g.), m.p. 167° after crystallization from methanol 
(Found: C, 53.1; H, 8.4; 8, 19.2. CisHesO.S2 requires C, 53.6; H, 8.3; S, 
19.1%). The hexamethylenedithiol reaction-residue yielded, on distillation, 
hexamethylene biscyclohexy! sulfide (3.5 g.), b.p. 166°/0.1 mm. (Found: C, 68.5; 
H, 10.8; 8, 20.3. CuisHssS,. requires C, 68.8; H, 10.8; 8, 20.4%). Oxidation 
of a portion (1 g.) of this sulfide gave heramethylene biscycloheryl sulfone (1 g.), 
m.p. 134° (from methanol) (Found: C, 56.7: H, 9.1;8, 17.1. CisHssO48> re- 
quires C, 57.1; H, 9.0; 8, 17.0%.) 

Reaction of cyclohexene with bisthiol-adipic and -sebacic acids.—The usual 
vigorous exothermic reaction occurred on mixing either acid (4 g.) with cyclo- 
hexene (4 g.), and after a few minutes the product crystallized. Bisthioladipic 
acid yielded tetramethylene biscyclohexyl thiolacetate (A) (5.5 g.), m.p. 66°, 
purified by crystallization from methanol (Found: C, 62.7; H, 8.9; 8, 18.6. 
CisH O82 requires C, 63.1; H, 8.8; 8, 18.6%.) Bisthiolsebacic acid gave 
octamethylene biscycloheryl thiolacetate (B) (5.9 g.), m.p. 59° (from methanol) 
(Found: C, 66.25; H, 9.55; 8, 16.1. CooHssO0.8. requires C, 66.25; H, 9.56; 
S, 16.1%.) 

Cyclohexanethiol.—This thiol is obtained when either of the esters (A) or (B) 
(5 g.), ethanol (25 ml.), and 20° aqueous potassium hydroxide (25 ml.) are 
refluxed together for 15 minutes. The thiol (2.8 g.), isolated in the usual way, 
had b.p. 156°/757 mm. (Found: 8, 27.8, Cale. for CsHieS: 8, 27.6%.) 
Reaction of its sodium derivative with iodobenzene gave cyclohexylphenyl 
sulfide, b.p. 98°/0.05 mm., which yielded on oxidation the known cyclohexyl 
phenyl sulfone, m.p. 74°. 

Reaction of 1-methyleyclohexene with bisthiol-adipic and -sebacic acids.—The 
olefin (6 g.) reacted vigorously with either acid (4g.).. Any unchanged reactants 
were removed by heating the product at 100°/10~° mm. for 4 days. Bisthiol- 
adipie acid gave a residue of tetramethylene bis-2-methylcyclohexyl thiolacetate 
(I, n = 4) (C) (6.5 g.) (Found: §, 17.2. CopH3sO.82 requires 8, 17.307), and 
bisthiolsebacic acid gave octamethylene bis-2-methylcyclohexyl thiolacetate (I, 
n = 8) (D) (6.7 g.) (Found: 8, 15.25; CogH42028. requires 8, 15.0°%.) 

2-Methyleyclohexanethiol_—Hydrolysis of either of the esters (C) or (D) 
(5 g.) gave the thiol (3 g.), b.p. 166° (Found: 8, 24.7. Cale. for C;7HyS : 8, 
24.6%.) 

2~Methylcyclohexryl phenyl sulfide—Prepared from 2-methyleyclohexanethiol 
and iodobenzene in the usual way, this sulfide had b.p. 100°/0.03 mm. (Found: 
8, 15.3. Cale. for CysHisS : 8, 15.5597), and yielded on oxidation the corre- 
sponding sulfone, m.p. 108°; a mixed m.p. with an authentic specimen showed 
no depression. 

Reaction of dihydromyrcene with bisthioladipic acid—(1) The olefin (4 g.) 
was shaken with the acid (1 g.) for 15 minutes, and the unchanged reactants 
were then removed at 100° in vacuo. A viscous liquid corresponding to bis- 
dihydromyrcene bisthiolacetate remained. (Found: 8, 14.00; M, 454 + 20. 
CogHaeS202 requires 8, 14.19%; M, 454.) (2) The reaction was repeated with 
equimolecular amounts of the reagents (6.9 g. of hydrocarbon with 8.9 g. of 
acid). A viscous gum was obtained on dissolving the product in benzene and 
precipitating by the addition of methanol. (Found: C, 59.5; H, 8.5;8, 19.95% ; 
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M, 1500 + 200. Cale. for [CiyHis + (CH2)4(COSH)2];: C, 60.8; H, 8.9; 
S, 20.3%; M, 1580.) 

Reaction of squalene with bisthioladipic acid—The hydrocarbon (2 g.) was 
stirred with the insoluble acid (1 g.) at room temperature. After a few minutes 
an exothermic reaction occurred and a rubberlike polymer was formed. This 
polymer, which was insoluble in all common solvents, was extracted for 24 
hours with acetone (Soxhlet) under nitrogen and dried in vacuo. (Found: 
S, 12.3. Cale. for 83° addition: 8, 12.3%.) 

Reaction of rubber with tri- and hexamethylenedithiols and bisthioladipic acid. 
—The test samples were prepared as follows: Smoked sheet (ca. 10 em. X 1.5 
cm. X 0.3 em., 4 0 g.) was sealed in an evacuated (10-* mm.) Pyrex tube, with a 
benzene (2 cc.) solution of the acid or dithiol, and catalyst. The mixture was 
then left for 14 days in the dark at room temperature to attain equilibrium, and 
the sample so obtained heated at 100° (steam bath) or in an oil bath at 140° 


TABLE III 


Bisthiol- Reac- Com- Load at Tensile 
adipic tion bined break Elonga- strength 
time Reaction S8(%) cg. / tion (kg./ 
Catalyst (%) (hrs.) — temp. (%) mm.?) 


Ascaridole; 0.5 12 830 

Ascaridole; 0.5 5 600 

Ascaridole; 0.5 5 850 

Ascaridole; 0.5 1 te 

Ascaridole; 0.5 3 865 

Ascaridole; 0.5 6 970 

Ascaridole; 0.5 18 840 
2:2’-Azobisiso- 

butyronitrile; 0.5 3 
2: 2’-Azobisiso- 

butyronitrile; 0.5 6 
2: 2’-Azobisiso- 

butyronitrile; 0.5 6 56 750 
2:2’-Azobisiso- 

butyronitrile; 0.5 P 4.- 110 
2:2’-Azobisiso- 

butyronitrile; 0.5 5.6 855 12.1 
2:2’-Azobisiso- 

butyronitrile; 0.5 5. 840 12.8 
2:2’-Azobisiso- 

butyronitrile; 0.5 “ ; 7 730 6.0 
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+ 0.5°, as required. For the irradiation experiments the samples were pre- 
pared in the same way except that dried latex film (ca. 10 em. X 1.5 em. X 
0.1 em., 1.4 g.) and benzene (0.7 ce.) were employed, and the samples were ir- 
radiated with a Hanovia 8.500 mercury-vapor lamp (distance 6 in.). The 
vuleanized rubbers so obtained were acetone-extracted (Soxhlet) under nitrogen 
for 24 hours and dried in vacuo. Some properties of the products are given in 
Tables I-IV. 

Decomposition of bisthioladipic acid during the reaction with rubber.—Acetone- 
extracted smoked sheet (40 g.) cut into small nodules was sealed in vacuo with 
bisthioladipie acid (6 g.) and benzene (30 cc.). The mixture was left for 14 
days at room temperature to attain equilibrium and then heated at 100° for 18 
hours. The vuleanizate so obtained was extracted (Soxhlet) with n-pentane 
for 48 hours. Evaporation of the pentane yielded a red solid (2.57 g.). 
(Found: C, 44.5; H, 5.9; 8, 26.0; N, 0.08%; M, 389; equiv., 190.) 
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TaBLe IV 
Bisthiol- Reaction 


adipic time in Load at Elonga- Tensile 
acid ultraviolet Combined break tion strength 
(% light (hrs.) 8(%) Qm (kg./em.) (%) (kg./mm.?) 
0 7 34 760 2.9 
1 14 0.1 22 52 1100 6.2 
2 14 0.2 20 100 1270 13.7 
4 14 0.5 6.7 156 1140 19.3 
5 14 1.0 6.0 127 935 13.2 
1.8 39 800 3.5 


Pyrolysis of bisthioladipic acid——On heating bisthioladipie acid to 180°, 
gases were evolved which blackened lead acetate paper and smelt strongly of 
hydrogen sulfide. After passage through a 40% aqueous potassium hydroxide 
solution (to remove hydrogen sulfide), and then through sulfuric acid (to 
remove water), there remained a vapor condensible at —80°. The infrared 
spectrum of this condensate indicated that it was carbonyl sulfide; it was 
characterized by strong adsorption at 2080 em.~ identical with that of authentic 
carbonyl sufide prepared from 14N sulfuric acid and potassium thiocyanate. 
The infrared spectrum of the residue from the pyrolysis (Found: C, 44.3; 
H, 5.4; 8, 27.4%) was generally very similar to that of the unreactive acid 
recovered from the rubber-bisthioladipic acid reaction. 


SUMMARY 


Certain thiols and bisthiol acids react with natural rubber and with some 
related olefins in a manner analogous to the corresponding monofunctional com- 
pounds. The physical characteristics of the vuleanizates obtained from 
natural rubber and bisthioladipic acid are described. 
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COLD MASTICATION OF RUBBER * 
W. F. Watson 


British Propucers’ Researcn AssocraTIon, 
Wetwyn Garpen Crry, HertrorpsHire, ENGLAND 


One of the commonest operations in the rubber industry is the softening of 
its basic raw material by milling on open mills or by masticating in an internal 
mixer. Although in practical use for nearly one hundred years, with improve- 
ments in machines and the introduction of so-called chemical peptizers giving 
ever-increasing efficiency, the nature of the fundamental process involved has 
remained largely unknown. Perhaps the only generally accepted feature is 
that plasticization reflects a net reduction in size of the very large molecules 
and, therefore, that the plasticizing processes are to be satisfactorily explained 
in precise terms only by chemical reactions specifically accounting for this 
molecular breakdown. 

Two experimental observations which provide important clues to the nature 
of the breakdown processes are (1) the unusual temperature dependence 
(Figure 1)', and (2) the apparent necessity for the presence of oxygen (Figure 
2)?.. In view of the known oxidizability of rubber hydrocarbon and allied sub- 
stances, it is reasonable to regard the right-hand branch of the U-shaped curve 
of Figure 1, that is, the increasing susceptibility to breakdown with temperature 
above about 100° C, as intimately associated with oxidation’. The increase in 
breakdown at the higher temperatures is comparable with increase in oxidation, 
and the rate of breakdown responds, as expected, to the presence of oxidation 
satalysts and retarders. 

More difficult to explain is the left-hand branch of the U-curve. Not only 
is the negative temperature coefficient of the process responsible for softening 
in this region anomalous in relation to ordinary chemical reactions, but two 
other curious facts require interpretation: (1) though oxygen is necessary, 
oxidation retarders have little effect on breakdown in this temperature region ; 
(2) different rubbers, natural and synthetic, undergo breakdown at comparable 
rates, although their oxidizabilities are widely different. Various ad hoe as- 
sumptions advanced to account for the negative temperature coefficient, and 
sometimes also for (1) and (2), have mainly involved modifications of the oxida- 
tive process considered to apply at higher temperatures. However, no inde- 
pendent evidence to support any of these assumptions has been forthcoming. 

Among these various speculations is a significant contribution by Kauzman 
and Eyring’. They suggested that, under conditions of cold mastication, the 
intense shearing forces imposed on the stiff rubber suffice to rupture primary 
chemical bonds of the long-chain molecules. The polymer fragments produced 
are assumed, not to be two long-chain molecules, but two very reactive free 
radicals which must almost immediately engage in some stabilizing reaction 
which converts them to molecules. In an inert atmosphere such as nitrogen, 
this stabilization is most easily realized by the radicals recombining with them- 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 29, No. 1, pages 32-41, 
February 1953. 
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Fie. —Efficiency of mastication in air at different pe nee as shown by the Mooney viscosity 
- | A rubber after 30 minutes’ mastication. Initial rubber—U.S.F. grade of Mooney viscosity 80. 
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Fic, 2.—Influence of oxygen concentration on the efficiency of mastication after 
20 minutes of smoked sheet of initial Mooney viscosity 93. 
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selves, thereby accounting for the experimental result of no observable overall 
breakdown. In oxygen, on the other hand, an alternative course of comparable 
facility is available, namely, the addition of oxygen to the radical ends to pro- 
duce oxygenated radicals, which stabilize themselves by side-reactions. The 
theory may be schematically represented by: 


R—R ——R-+R:- mechanical rupture into free radicals (1) 
R-+R-———> R—R radical recombination (2) 

R- +0, ——— RO:;- oxygen intervention (3) 

RO,.- stable molecule breakdown stabilization (4) 
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Fic. 3.—Mastication in air and nitrogen, with and without benzoquinone. 
Initial rubber—U.8.F. grade of Mooney viscosity 80. 


| 
Si masticating in nitrogen. 


- masticating in nitrogen with 1 gram benzoquinone per 100 grams 
I rubber (0.0925 m. per 1000 grams). 


! ! | ‘ 
| in with 0.0925 m. per 1000 grams of ethyl 
' acetate, dibutyl ether, and isopropyl alcohol, respectively. 


o- masticating in air. 


In nitrogen, reactions (1) and (2) alone are operative; in oxygen, reactions (3) 
and (4) occur, and are responsible for the permanence of breakdown. Soften- 
ing by cold mastication is then adequately explained, but this explanation, like 
others, has remained unsubstantiated by more critical experiments. 

It is important to recognize that, according to Kauzman and Eyring’s the- 
ory, oxygen plays what may be termed a passive role in the breakdown at tem- 
peratures below about 100° C; it merely intervenes to repress the recombination 
after molecular rupture has been achieved mechanically—in contrast to its 
active oxidative role at higher temperatures. This being assumed, it is rea- 


80 = 
43 
@ 
30 


380 RUBBER CHEMISTRY AND TECHNOLOGY 


sonable to expect that many other additives could replace oxygen in consum- 
mating breakdown, the essential requirement being that they can react readily 
with hydrocarbon radicals. Possible substances can be selected from a knowl- 
edge of their reactivities towards free racidals in other systems. A typical ex- 
ample is benzoquinone, Q, and, in conformity with our ideas, it does function as 
a breakdown agent on masticating under nitrogen at temperatures below 100° 
C, in a parallel manner to oxygen (Figure 3). The difference between the 
oxygen and benzoquinone curves signifies that reaction (3’) is not able to com- 
pete so effectively with recombination as reaction (3). 


benzoquinone (3’) 


+ Q-— BQ— intervention 


In fact, of forty-seven compounds so far tested and found to produce observable 
breakdown on masticating under nitrogen, not one exceeds oxygen in efficiency, 
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Fic. 4.—Efficiency of various compounds in stabilizing breakdown on 
30 minutes’ masticating under nitrogen. 


and most are much inferior. This is illustrated in Figure 4, where the Mooney 
viscosities after mastication with some of these compounds are given, together 
with a pictorial representation of the shortening of the rubber molecules. 

From similar considerations, many substances would be expected to be inert 
towards rubber radicals, and so to be ineffective in promoting breakdown during 
mastication under nitrogen. Typical members of several large classes of com- 
pounds suggest, in conformity with wider experience, that alcohols, ethers, 
ketones, esters, and hydrocarbon oils act merely as neutral diluents under these 
conditions (see, for example, Figure 3). 
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A disadvantage of using oxygen to study breakdown initiated by mechanical 
rupture is the overlapping softening action by oxidative scission (Figure 1). 
Most other breakdown agents do not possess such a dual activity, and thus 
make it possible to obtain only the left-hand branch of the softening-tempera- 
ture curve (see, for example, Figure 5). This seems to be the clearest demon- 
stration of the essentially different nature of the softening processes predomi- 
nant at low and high temperatures. The factors influencing the shape of the 
cold mastication curve are the shearing forces imposed on the rubber by the 
masticating machine, the stiffness of the rubber, and the efficiency of the sub- 
stance consummating breakdown, as illustrated in Figure 5. 
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Fig, 5.—Efficiency of mastication under nitrogen at various temperatures, in 
the presence of benzoquinone and azobenzene. 
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~@-— U.S.F. rubber of initial Mooney viscosity 57, with 1 gram per 100 grams of benzoquinone. 

“— U.S.F. rubber of initial Mooney viscosity 80, with 1 gram per 100 grams of benzoquinone. 


| 
-~O-— U.S.F. rubber of initial Mooney viscosity 80, with 1.82 grams per 100 grams of azobenzene 


Although the rate of breakdown under cold mastication conditions is con- 
trolled by the rate of mechanical rupture and the relative rates of recombination 
and the competitive reaction of type (3), the nature of the product is largely 
determined by what happens to consummate breakdown in reactions of type 
(4). Several possibilities exist: (1) the free radicals may be converted to stable 
molecules of the same chain length, producing softened rubbers identical in 
physical properties to those of the rubber masticated in air to the same extent 
of breakdown; e.g., the substances of Figure 3 give rise to rubbers of this type. 
(2) The free radicals may attack other rubber molecules and so finally produce 
a branched-chain ploymer. This behavior is of particular interest because 
branched but soluble rubbers are otherwise difficult to produce. Compounds 
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functioning at least partly in this way are n-butyramide, aniline, azobisisobuty- 
ronitrile, and m-nitrophenol. (3) The radicals may attack rubber molecules 
and thereby initiate a cross-linking reaction. The result is, then, a rubber of 
high Mooney viscosity and gel content. The most potent cross-linking agent 
found was chloranil, which produced a rubber crumb of 80 per cent gel content. 
Another rubber of this type is so-called anhydride rubber‘, obtained by masti- 
cating under nitrogen or air in the presence of maleic anhydride or acrylonitrile. 

In contrast to the action of the above substances, physical-softening agents 
for rubber should decrease the rate of mechanical rupture by decreasing the 
shearing forces, and not greatly influence the subsequent chemical reactions. 
Typical softness did, in fact, not produce observable breakdown of the rubber 
on masticating in nitrogen; with benzoquinone added, the results in Table 1 
were obtained. The practically useful result emerges that the rubber has been 


TABLE 1 


MASTICATION WITH BENZOQUINONE UNDER NITROGEN OF RUBBERS 
AFTER INCORPORATION OF SOFTENERS 


Initial Mooney Viscosity of U.S.F. Rubber—80 + 3 
Concentration of Benzoquinone 0.0925 m. per 1000 grams rubber 
Time of mastication—30 minutes 
Temperature of water-flow through the Banbury Mixer—14° C 


Concentration Mooney viscosity 
of liquid of mastica 
(g./100 g. rubber after 
Liquid rubber) acetone extraction 


Mineral oil 


Dibenzy] ether 
Acetophenone 


Dibuty] phthalate 


* The Banbury mixer was not at normal masticating efficiency for the series of experiments with mineral 
oil. 
+ This is the comparative mastication of rubber without softener for the subsequent data. 


as efficiently degraded in the presence of the softeners. Softeners decreased 
the temperature of the masticating rubber by reducing internal friction, and so, 
consistent with the mechanism proposed, rubber with softener at the same tem- 
perature is less degraded than the rubber alone. It is, however, surprising that 
the influence of softeners gives such a quantitative compensation as noted in 
Table 1. 

Although as yet little investigated, the general features of plasticizing of 
synthetics are in accord with the above scheme proposed for natural rubber. 
The several synthetic rubbers tested do not soften on mastication alone in 
nitrogen at low temperatures, but do so on the addition of compounds effective 
with natural rubber. Important differences are noted in the relative rates of 
the different reactions; in particular, oxygen is comparatively inefficient with 
synthetic rubbers. The mode of action of many peptizers for softening syn- 
thetic rubber during mastication appears to be by the mechanism now ad- 
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vanced and not, as commonly supposed, by their functioning as oxidation 
catalysts’. As most synthetic rubbers are less oxidizable, mechanically in- 
duced breakdown is probably important to temperatures higher than with 
natural rubber. 

Summing up, this theory of the cold-mastication process appears to collect 
into a coherent picture many of the diverse phenomena of milling and masticat- 
ing in an internal mixer. The essential factors for efficient softening at low 
temperatures can be explicitly stated: (1) a masticator providing high rates of 
shear, and (2) the presence of a compound preventing the recombination of 
ruptured chains. A rational hypothesis is now available to direct investigation 
of the use of mastication as a versatile method for producing, as well as softer 
rubber, rubbers which are more viscous but soluble (branched) and rubbers of 
varying degrees of gel content (cross-linked). The concepts of chain rupture 
and recombination, and the associated chemical reactivity towards rubber 
radicals, appear likely to be fruitful in other directions, e.g., in ameliorating 
certain aging effects, in reinforcement, and in explaining some of the deteriora- 
tion occurring on flex-cracking® and other rapid and severe deformation. 


SUMMARY 


The processes underlying the plasticizing of rubber by cold and hot mastica- 
tion are of different chemical types. In hot mastication, plasticizing is caused 
by oxidative reactions. In cold mastication, plasticizing is due to a primary 
rupture of the long chain rubber molecules by the applied deformation forces, 
and a secondary consummation of this rupture by oxygen or other compounds 
reactive towards the ruptured chains. Alternative to consummation of rupture, 


certain compounds thereby initiate cross-linking. Experimental results are 
quoted in support of this interpretation of cold mastication processes and some 
practical conclusions are drawn. 


DISCUSSION 

At a meeting of the London Section of the Institution of the Rubber In- 
dustry, February 12, 1952, the above paper was read by Dr. Watson. 

Mr. W. F. O. Potvert said that he had been particularly interested in the 
paper because it bore some relation to tests he had carried out mainly on plastics, 
but including a few on rubber. In these, rubber sheared in a rheometer at 
about 100° C showed only small changes in shear stress, but the normal stress 
component fell rapidly. It seemed possible, therefore, that if viscosity was 
used by Dr. Watson as the only criterion of breakdown, he may in fact have 
concluded that there was no effect when change in elastic properties had in fact 
occurred, 

Dr. Watson, replying, said that almost no change was observed in Mooney 
viscosity on masticating under nitorgen. According to the present view of 
rupture and recombination under these conditions, the overall number-average 
molecular weight should remain constant. As the Mooney viscosity of gel-free 
rubber seems to depend mainly on number-average molecular weight, its con- 
stancy is expected. However, as pointed out by Mr. Pollett, a change in 
chain-length distribution would be expected by this random rupture and re- 
combination, which would show by measurements more sensitive to distribution 
changes. The chain-distribution changes can be calculated, and it is hoped 
will later provide further data relevant to the cold-mastication mechanism. 
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Dr. 8. H. Morre.t asked whether any work had been done with Butyl rub- 
ber in the experiments? 

Dr. Watson replied that no mastication experiments had been done with 
Butyl rubber. As it is among the least oxidizable of synthetic rubbers, it is 
likely that plasticizing is mainly by a mechanical-rupture process. 

Mr. J. M. Buist remarked that Dr. Watson had presented a clear and con- 
cise picture of what occurred during the mastication of natural rubber. The 
mechanism he advanced also seemed to fit the case of GR-S, as some preliminary 
experiments with GR-S carried out at Blackley gave results in general accord 
with those reported here for natural rubber. For example, the low efficiency 
of oxygen compared to that of thiophenol and benzoquinone is confirmed. The 
stiffening of GR-S on mastication has often been debated ; in fact, some authori- 
ties have questioned whether it was possible for GR-S to stiffen on mastication. 
Dr. Watson had explained that, under oxygen-deficient conditions, there is a 
greater competition between radical-polymer reactions and recombination than 
occurs with natural rubber. 

Mr. A. Cooper said that they were all familiar with the toughening of masti- 
cated rubber during storage. It appeared to him that, in this work, where the 
reaction of the ruptured ends of the rubber molecule is stopped by these reactive 
chemicals, such toughening would be inhibited. If this were so, we had here a 
most important practical application of this work in our factories. 

Dr. Watson answered that the cause of toughening of masticated rubber in 
storage is unknown. Among other possibilities, it may proceed by a free-radical 
mechanism. If so, it is probable that it can be reduced by adding materials 
which are reactive during cold mastication. 

Dr. J. R. Scorr enquired whether Dr. Watson had studied the form of the 
relationship between the efficiency of cold mastication and the viscosity at the 
particular temperature used? As mechanical breaking of the rubber chains is 
caused by viscous forces, some simple relationship would be expected. Also, 
does the temperature at which “efficiency”? becomes zero depend on the rate of 
shear used in milling the rubber? Such a dependence would be expected, the 
temperature being higher the higher the shear rate. 

Dr. Watson replied that, as Dr. Scott suggested, a relationship between 
efficiency of mastication and viscosity of the rubber at the temperature of 
mastication might be expected. The Mooney viscosities of rubber at various 
mastication temperatures were measured. No simple relationship was ap- 
parent, the Mooney value decreasing with rise in temperature according to a 
different function of the temperature compared with efficiency of mastication. 
It was concluded that this was probably due to the Mooney viscosity, measured 
at low rates of shear, not being comparable to the high rates of shear in the 
mixer. 

The temperature at which the efficiency of mastication is smaller than the 
experimental error of its measurement by Mooney viscosity would be antici- 
pated to vary, as suggested in the question. However, the Banbury mixer 
only operated at one speed, and so this was not tested. The complementary 
question of attaining higher temperatures for zero efficiency of mastication 
with more viscous rubber can be answered positively. 

Mr. G. N. WexpinG asked if Dr. Watson had tried detecting fragments of 
the radical-attacking reagents combined in the rubber, such as 8S from thiols, 
and whether the addition of a polymerizable monomer such as styrene had been 
tried as a means of detecting from the resultant polymerization the production 
of radicals in nitrogen? 
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Dr. Warson said that radio-active tracer methods are at present being in- 
vestigated in an attempt to answer the first part of the question and, to the 
second, that a monomer such as styrene had not been used. Probably the 
radicals produced by rupture are of the allylic type, which are very unreactive 
towards the double bonds in polymerizable monomers. 

Dr. F. 8. Brever asked whether, in view of the electronegative nature of 
most of the chemicals used for stopping recombination of the formed free radi- 
‘als, they could be arranged according to some principle such as dipole moment, 
or was it only possible to proceed empirically? 

Dr. Watson answered that the choice of probably reactive chemicals was 
semiempirical, in that they were chosen for their known reactivity in other free- 
radical systems. There has been no successful attempt yet to list reactivity 
towards free radicals by a single property, such as dipole moment. 

Mr. N. C. H. Humpureys said that, in one of the tables, stearic acid was 
shown to bring about a change in plasticity in the absence of oxygen. Why 
did the fat acids normally present in rubber not show this effect in other parts 
of the work? Was extracted or otherwise specially prepared rubber used to 
prevent this effect? 

Dr. Watson replied that as unpurified smoked sheet and F rubber were not 
plasticized by cold mastication under nitrogen, the chemical nature or concen- 
trations of the acids and other nonrubber components did not cause them to 
function detectably during mastication. Less pure rubber, such as blanket 
crepe, did plasticize under nitrogen, due to adventitious reactive chemicals. 

Communicated.—The total acid contents of the smoked sheet and F rubber 
were, respectively, equivalent to 0.030 and 0.032 mole per 1000 grams monobasic 
acid. Stearic acid at 0.09 mole per 1000 grams decreased the Mooney viscosity 
on 30 minutes’ mastication by only 10 units in 75, and so the quantity naturally 
present would have no effect greater than the experimental error. 

This question raises another point. Blow and Wood* maintained that 
stearic acid acted as an internal lubricant for raw rubber. Dr. Blow suggested 
that these opposing hypotheses would be tested by measuring the decrease in 
viscosity after different periods of cold mastication under nitrogen, a lubricant 
giving a rapid initial plasticizing to a constant value, but a radical reactant 
giving more continuous plasticizing. The following results with smoked sheet 
show that stearic acid is not an internal lubricant: 


Minutes’ mastication 0 10 20 31 
Mooney viscosity 86 83 81.5 76 
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PLASTICIZING BY COLD MASTICATION * 
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Garpen Citry, Herts., ENGLAND 


Plasticizing of rubber by mastication or milling has been a basic technologi- 
cal operation since its discovery in the early days of the rubber industry'. The 
dependence of plasticizing efficiency on variables such as oxygen concentration, 
temperature, and design of mill, is now well established, but the nature of the 
controlling reactions has remained obscure. The present purpose is to present 
a general explanation for molecular breakdown by cold mastication which 
conforms with established results and with further data derived from the 
experiments described below. 

It is now generally recognized that the plasticization of rubber results from 
the shortening of the long molecular chains. Theories of mastication must 
explain in particular the two salient features of the process: (1) the influence 
of oxygen and (2) the temperature dependence. Concerning (1), no plasticiza- 
tion of rubber is observed in an inert atmosphere such as nitrogen or carbon 
dioxide?, but, in the presence of only a few per cent of oxygen, plasticization is 
almost as rapid as in an atmosphere of oxygen*. A very small amount of 
oxygen, of the order of 0.1 per cent, incorporated on mastication at tempera- 
tures below 100° C, changes the rubber to a soft tacky material. Concerning 
(2), other conditions being fixed, mastication efficiency passes through a mini- 
mum at a temperature of approximately 115° C (see Figure 1). 

Attempts to provide one comprehensive explanation of the shape of the rate 
of plasticizing-temperature curve have assumed an oxidative mechanism, in 
agreement with the necessary presence of oxygen for both cold and hot plasticiz- 
ing. Several ad hoc assumptions must be invoked to explain the negative slope 
of branch A of Figure 1, and the change to the positive slope of branch B, e.g., 
transient local hot spots causing increased thermal oxidation, with the negative 
temperature coefficient of their occurrence producing the negative temperature 
coefficient of oxidative plasticizing. No mechanism of this type has yet ex- 
plained, however, the negligible effect of oxidation catalysts and inhibitors on 
the rate of cold mastication compared with their marked effect on the rate of 
hot mastication. 

Alternatively, the two branches A and B of Figure | have been considered 
to apply to two distinct and different processes separately important at low and 
high temperatures and of combined effect at temperatures near the minimum. 
Curve B has been attributed to thermal autoxidative scission, and Curve A to 
increase in shear with rubber viscosity, with mechanical rupture, “activation” 
of chemical reactivity by bond strain, electric discharge, and ozone formation, 
as the possible causes of polymer degradation®. Kauzman and Eyring sug- 
gested that mechanical rupture of primary bonds is possible under mastication, 


* Reprinted from the Journal of Polymer Science, Vol. 9, pages 229-251, March 1952. 
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and that the free radicals thus produced recombine unless stabilized by addi- 
tion of oxygen®. 

An extension of Kauzman and Eyring’s explanation of cold mastication, 
defined as that process of plasticizing rubber according to Curve A of Figure 1, is 
supported by the results reported below. A yualitative description of the 
proposed mechanism is now given, to make more obvious the choice of the 
experiments described later. The shearing forces acting on rubber during cold 
mastication are mainly expended in overcoming intermolecular forces in bulk 
deformation of the rubber. A small proportion of these forces, of requisite 
strength and orientation, cause rupture of primary bonds of the polyisoprenic 
chains, producing two free radicals. The rate of scission to radicals depends 
on both the distribution of shearing forces and the nature of the polymer, and 
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Fic. 1.—Efficiency of mastication of rubber at different temperatures. Mastication for 30 
minutes of U.S.F. rubber of initial Mooney viscosity 80 + 3. 


is, therefore, a function of several variables, ¢.g., geometry and performance of 
the plasticizing apparatus, viscosity and temperature of the polymer, and the 
strengths of the primary chemical bonds in the polymer chain. 

The radicals resulting from mechanical shear recombine unless some other 
reaction intervenes. .If nothing but rubber and inert gases are present in the 
system, it is to be expected that recombination will be the normal fate of the 
radicals, though it is to be noted that the radicals combining need not neces- 
sarily be those derived from a single chain to give no detectable plasticization, 
Occasionally, too, a radical may react with another polymer molecule, and thus 
lead to the production of some degree of branching or cross-linking. Quite 
generally, this process requires a higher activation energy than radical recom- 
bination, but it is beyond the scope of this paper to discuss quantitatively the 
kinetics and energetics of mastication. 
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If oxygen also is present, there is abundant reason to expect it to react 
readily with the free radicals produced by scission. The chemistry of this 
process will be further discussed later; here we need only note that the immedi- 
ate consequence of the intervention of the oxygen is to prevent the recombina- 
tion of the radicals, and ultimately to lead to formation of stable molecules of 
lower chain length than the original rubber. 

If this be the function of oxygen, it is clear that many other substances are 
likely to act in an analogous fashion, and the work described below was under- 
taken to determine whether this is indeed the case. We shall term such active 
materials radical acceptors, and the characteristic of their behavior is that they 
promote the breakdown of rubber on cold mastication in nitrogen. They are, 
therefore, to be distinguished from chemical plasticizers, which function as 
oxidation catalysts and are inactive unless oxygen is also present. 

The choice of radical acceptors is facilitated by the known interactions of 
radicals with molecules, particularly in vinyl polymerizations. A considerable 
literature exists classifying these substances as retarders, e.g., benzoquinone’; 
comonomers, e¢.g., oxygen® and maleic anhydride®; and catalysts, which may 
also react with radicals under certain conditions”. The behavior of benzo- 
quinone in polymerization systems serves to illustrate the choice of a likely 
polymer-radical acceptor for rubber mastication. In low concentration, it 
greatly reduces the rate of polymerization of vinyl monomers by adding to the 
growing alkyl polymer radical to produce a much less reactive end-group and 
consequently to favor the termination as compared with the propagation reac- 
tions. The alkyl radical adds to the quinonoid oxygen" : 


x 
R—CH,—C—CH,—C— 
x x 
y 


The analogous reaction in cold mastication is, therefore, likely to be: 


R— +0 R-0 So (2) 


where R— represents the free radical resulting from mechanical scission of a 
rubber molecule. In polymerization reactions, the phenoxy radicals thus 
produced ultimately disappear, partly by combination and partly by dispro- 
portionation, and similar behavior is to be expected in rubber plasticized by 
benzoquinone. 


EXPERIMENTAL METHODS AND MATERIALS 


Rubber was masticated in a size-B Banbury internal mixer of 500-grams 
capacity. Mastication under nitrogen was effected by sealing all possible 
joints and openings and maintaining within the rotor chamber a positive pres- 
sure of nitrogen equivalent to 1 inch of water’. A metal plate carrying the 
nitrogen outlet fitted with a rubber gasket over the plunger-bar aperture. The 
metal plate also carried on its under surface a small plunger bar to keep the 
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rubber in the rotor chamber, and on its upper surface a hopper, containing the 
compound to be added, and a thermocouple. 

Figure 2 is a diagram of the hopper. A standard B34 glass cone fitted into 
a socket in the metal plate over the plunger-bar aperture. A rubber ring made 
a gas-tight seal between the tube containing the charge of additive and the 
cone. A B10 delivery tube passed through a rubber bung which closed the 
tube and engaged in a socket below the charge. Liquids were added to volume 
graduation marks and were contained by water-soluble grease on the B10 joint. 
The rotor chamber and hopper were flushed out by nitrogen passing down the 


| an 


Fic. 2,.—Hopper for addition of substances to rubber during mastication under nitrogen, 


delivery tube and through the tube containing the compound to be added. 
The compound was added by disengaging the B10 cone of the delivery tube. 

The temperature of the masticating rubber was controlled partly by the 
energy dissipated as heat during deformation and partly by the water or steam 
flowing through the rotor and casing. The temperature of the rubber was 
measured by plunging the thermocouple into the rubber immediately on cessa- 
tion of mastication. The following, typical, values of rubber temperature were 
recorded during mastication in air: 


Time of mastication (minutes) 1 5 10 50 
Rubber temp. with 13° C water flow 52 64 60 «55 
Rubber temp. with 110° C water flow 120 123 128 _ 
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Typical temperatures of rubber after 30 minutes of mastication in air are: 


Water-steam temp. (° C) 15 40 60 100 120 140 154 
Rubber temp. (° C) 55 70 85 112 125 140 154 


The temperatures quoted in the experimental section were of the rubber after 
30 minutes’ mastication. 

The standard procedure was to load the rotor chamber with 200 grams of 
rubber and the hopper with additive, flush out both with nitrogen, commence 
mastication, and introduce the additive after 30 seconds. This method was 
varied to reduce the temperature range during mastication in those experi- 
ments designed to obtain data on the effect of temperature: mastication under 
nitrogen was continued for ten minutes at the required temperature of flow- 
water before introduction of additive. 

In some cases the rubber was acetone-extracted before mastication; this 
was carried out in a Soxhlet apparatus. Rubber was passed once through a 
mill to give a sheet approximately 2 mm. thick, with a decrease in Mooney 
viscosity due to milling of less than two units. The sheet was rolled up in 
glazed cloth to prevent self-adhesion and inserted into the extraction apparatus. 
Nitrogen was continuously bubbled through the boiling solvent. Mooney 
viscosities of rubber controls after extraction were the same as those of the 
initial unloaded rubbers. 

Rubber samples before and after mastication were characterized by: (1) 
Mooney viscosities (measured on a standard Mooney viscometer at 100° C, 
with dise rotation of 2 r.p.m.), and (2) intrinsic viscosity and gel content. For 
the latter, the rubber was kept in A.R. grade benzene in the dark for two days, 
with occasional shaking. The mixtures are filtered under only gravity pressure 
through Grade 2 sintered glass filters. The flow times of the filtrates were 
measured to 0.1 second in a B.S.S. Grade 1 Ostwald viscometer at 25 + 0.01° C. 
Percentage gel was calculated from the difference between the initial weight of 
rubber in benzene and the concentration of rubber in solution, obtained by 
evaporating a sample of filtrate to dryness. Gel is, therefore, defined here as 
that fraction of the rubber which does not pass by gravity through a sintered 
glass filter of Grade 2 after allowing two days for dissolution. Specific viscosi- 
ties were measured at three concentrations below 0.25 grams per 100 ce. of 
benzene and the linear plot of specific viscosity /concentration vs. concentration 
extrapolated to infinite dilution to give the intrinsic viscosity. Degradation 
in the viscometer in the presence of quinones and iodine was observed ; rubbers 
with quinones were extracted with acetone prior to adding to benzene and 
viscometry carried out with minimum illumination; rubbers with iodine de- 
graded continuously in the viscometer despite this treatment. 

The rubber used in most experiments was crepe of U.S.F. grade". This 
rubber possessed constant initial Mooney viscosity and mastication properties 
throughout each bale’. Other rubbers were of best commercial grades. 
Compounds added, including the benzoquinone used in many experiments, 
were of laboratory-chemical grades and were not further purified'>. 


AND 


RELATIONS BETWEEN MOONEY AND INTRINSIC VISCOSITIES 
NUMBER-AVERAGE MOLECULAR WEIGHTS 


Mooney and intrinsic viscosities of the same rubber sample provide con- 
siderably more information than does either measurement taken separately. 
The relationships between Mooney viscosity, intrinsic viscosity, and number- 
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average molecular weight have recently been investigated'®, and now permit 
comparison of chain-length distributions. These have been used to aid dis- 
cussion of the mastication data. 

A linear relationship has been found empirically between Mooney and 
intrinsic viscosities of rubbers of the same type on degradation by mastication 
in air under hot or cold mastication conditions. Such a relationship is illus- 
trated by the open circles of Figure 3, which records the Mooney and intrinsic 
viscosities of the U.S.F. rubber, used in most experiments, after different ex- 
tents of breakdown by mastication in air at temperatures between 70 and 154° 
C. The black circles record data which obey the same linear relationship 
within the experimental scatter usually obtained with a large number of masti- 
cations in air. This particular relationship depends on the variation in chain- 
length distribution on degradation by the process which it characterizes. 


Fia. 3.—Relationship of Mooney and intrinsic viscosities of masticated U.S.F. rubber. 


Any results falling significantly above or below the straight line are indicative 
of degradation to a different distribution of polymer chain-lengths from that of 
rubber degraded to the same Mooney viscosity by mastication in air. Points 
below the line are identified with greater shift to long chains or more branching 
than by the standardized process, points above the line with greater shift to 
short chains or with cross-linking to produce less extended polymer chains. 

Determination of Mooney viscosities and number-average molecular 
weights, determined osmotically, provides empirical relationships between 
these chain-length measurements. Different grades of natural rubber yield 
linear relationships. The relationship for the U.S.F. rubber employed was 
found to be: 


107° = 0.074(€4 + 16.2) (3) 
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compared with that for smoked sheet'*: 


(4) 


where 7 is the number-average molecular weight and €y, is the Mooney vis- 
cosity at 100° C. 

The number-average molecular weights of masticated rubbers are then 
easily calculated from Mooney viscosity determinations, thereby allowing a 
more fundamental measure of the degradation and definition of the efficiency 
of mastication. The efficiency is defined as the ratio of the number of additional 
chains formed by mastication in a fixed weight of rubber in the specified time 
to the number of chains initially present. This efficiency is expressed as 
(n — no)/no in Table I and elsewhere, where no and n are the number of chains 
initially and finally in a fixed weight of rubber. In terms of number-average 
molecular weights, this expression is equivalent to (i) — 7)/%, which is cal- 
culated directly from the Mooney viscosity values. In considering the relative 
efficiencies of mastication of rubbers of different initial Mooney viscosity, the 
measurement of interest is the relative number of additional chains per fixed 
weight of rubber in the same period of mastication, and therefore the expression 
for relative efficiency is: 


= 0.062 (€ 14 + 18.7) 


to cancel out the variation of initial molecular weight. 


EXPERIMENTAL RESULTS 


OF ADDED COMPOUNDS ON THE PLASTICIZING 


OF RUBBER BY MASTICATION 


INFLUENCE 


Compounds listed in Table I were selected as probable radical acceptors. 
Four experiments were carried out with each compound. Rubber samples 
containing the compound (molecularly equivalent to 1 gram of benzoquinone 
per 100 grams of rubber unless otherwise reported in parentheses in column 1) 
were masticated for 30 minutes in atmospheres of nitrogen and air at tempera- 
tures of 55 and 140° C, selected to be typical of cold and hot mastication. 
Two different batches of rubber were used, labeled 1 and 2 in the last column. 
Mooney viscosities after mastication at 140° C in air are given in column 7; 
Mooney viscosities after mastication at 140° C in nitrogen are not recorded 
except for sulfur, as they were all within experimental error of the initial 
Mooney value. Columns 2 and 3 give the Mooney and intrinsic viscosities 
after mastication in nitrogen at 55° C, and column 4 the plasticizing efficiency 
caleulated as described in the previous section. Columns 5 and 6 record vis- 
cosities after mastication in air at the same temperature. 

A number of the compounds studied gave products which were obviously 
branched or cross-linked; these are listed in Table II. Columns 3,6 and 4,7 
give the intrinsic viscosities of soluble rubber and weight of benzene-swollen 
gel, respectively, after mastication with the various additives at 55° C. The 
symbol ¢ in the Mooney viscosity columns expresses the noncoherent crumblike 
appearance of certain of the cross-linked rubbers. At the onset of crumbing, 
usually within a few minutes of mastication with additive, the crumbs were 
merely revolved between the rotor blades. For this reason, and also because 
Mooney viscosity determination was often vitiated by the noncoherence of the 
crumb in the viscometer, these Mooney and intrinsic viscosities are not compar- 
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able with the others. Columns 8 and 9 give the Mooney viscosities after masti- 
cation at 140° C in nitrogen and air. 

The following additives had no plasticizing influence on rubber on cold 
mastication in nitrogen, t.e., they are not radical acceptors: dibutyl ether, 
isopropyl alcohol, ethyl acetate, methylethy] ketone, isobutyraldehyde, methyl- 
aniline, and dimethylaniline. These compounds were chosen as representatives 
of different classes of organic compounds, of which other members are presumed 


to be similarly unreactive. 


COLD MASTICATION WITH BENZOQUINONE 


More detailed information was obtained on the plasticizing of natural 
rubber by cold mastication in the presence of benzoquinone. Benzoquinone 
concentration, mastication time, temperature, and viscosity of the rubber were 


EFFICIENCY, (0-119) 


' 
1 2 3 
BENZOQUINONE CONCENTRATION, g./100g. rubber 


Fic. 4.—Effect of benzoquinone concentration on mastication efficiency. Initial Mooney viscosity 
of U.S.F. rubber 80 + 3. Time of mastication 30 minutes. (©) Mastication in nitrogen at 55°C. (@) 


Mastication in air at 140° C, 

separately varied. The effects of the separate parameters can be treated only 
qualitatively from the present information. A more precise quantitative 
treatment would require a study of the variation in rate of radical production, 
which depends on the deformation of the rubber of continuously changing vis- 
cosity. However, the general trends can be interpreted by the proposed 
scheme for cold mastication. 

Concentration of benzoquinone.—Rubber was masticated under nitrogen at 
55° C and in air at 140° C for 30 minutes after addition of different amounts of 
benzoquinone. Mastication efficiencies with benzoquinone concentrations 
from 0.1 to 5 per cent are recorded in Figure 4, the vertical lines indicating the 
error of determination due only to the inaccuracy of the Mooney viscosity 
measurement. At 55° C under nitrogen, increasing concentrations of benzo- 
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quinone up to 1.5 per cent gave progressively increasing efficiency of plasticiza- 
tion. The Mooney and intrinsic viscosities of these rubbers were according to 
the empirical curve of Figure 3. Above 1.5 per cent benzoquinone, an apparent 
decrease in plasticization occurred, as observed by increasing Mooney viscosity. 
This is due initially to a cross-linking reaction, giving a coherent and soluble 
rubber. But with 5 per cent benzoquinone, this apparent decrease to zero 
plasticization is by rapid crumb formation resulting in a largely unmasticated 
rubber with gel content of 2 per cent. In contrast, increasing concentrations 
of benzoquinone at 140° C in air produced progressively reduced efficiency 
throughout the concentration range, as anticipated from its retardation of 
oxidation. 
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MASTICATION TIME, min. 


Fia. 5.—Rates of plasticizing of U.S.F. rubber of initial Mooney viscosity 80 + 3: (QO) in air at 55° C; 
(@) in air at 55° C, with 1 g. benzoquinone per 100 g. rubber; (@) in nitrogen at 55° C, with 1 g. benzo- 
— per 100 g. rubber; (©) in air at 140° C; (2) in air at 140° C, with 1 g. benzoquinone per 100 g. 
rubber. 


Rate of plasticization—-Mooney viscosities of rubbers masticated for 
different times with | per cent of benzoquinone are given in Figure 5. It is 
clear that benzoquinone is nearly as effective as air in producing plasticization 
at 55° C, but does not further increase the plasticization rate when air is pres- 
ent. On masticating in air at 140° C, on the other hand, it retards plasticiza- 
tion. 

A limiting maximum rate of plasticization is attained in the presence of 
efficient radical acceptors. The limiting maximum rate, and not an additive 
effect, with oxygen and benzoquinone together is shown in Figure 5. The 
nonadditive effects of other agents are shown in column 4 of Table I. The 
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rate observable with oxygen is also closely approached with other efficient radical 
acceptors, e.g., thiophenol, on masticating under nitrogen. The existence of 
such a limiting maximum rate is predictable from the mechanism proposed for 
cold mastication, since it is clear that the over-all rate of plasticization can 
never exceed that of radical production. 

T'emperature.—The use of oxygen in the study of the influence of tempera- 
ture on cold mastication has disadvantages, as the thermal oxidative plasticizing 
process overlaps into the range of significant plasticizing produced by cold 
mastication. The use of other radical acceptors, which do not react chemically 
with rubber at higher temperatures, makes it possible to obtain the equivalent 
curve to branch A of Figure 1 in the absence of branch B. Some typical results 
are shown in Figure 6, which shows very clearly the negative temperature co- 
efficient and absence of a temperature of minimum efficiency. 
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TEMPERATURE, °C. 


Fre. 6.—Influence of temperature on yrs of mastication under nitrogen with 0: 0925 m. per 1000 g. 
radical acceptors of different reactivity: (@) t ; (@) benzoq ; (O) azot . Time of 
mastication 30 minutes. 
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50 70 90 NO 130 


TEMPERATURE, °C. 


_ Fig. 7.—Influence of temperature on efficiency of mastication of rubbers of different initial Mooney 
viscosity: (@, @, O) U.S.F. rubber of initial Mooney viscosities 84 + 3, 57 + 3, and 44 + 3, respectively 
Time of mastication under nitrogen 30 minutes. Ordinate, relative efficiency, (n — no)/no(1/%o) & 108. 


The influence of temperature on the plasticizing of rubbers of different 
initial Mooney viscosity is shown in Figure 7, which indicates that the relative 
efficiency of degradation is greater with higher number-average chain length of 
the rubber, i.e., with rubber of high Mooney viscosity. The temperature at 
which plasticizing becomes undetectable also increases with initial Mooney 
viscosity. 

The temperature at which breakdown by cold mastication becomes unde- 
tectable is close to the minimum of 115° C observed on mastication in oxygen 
(see Figure 1). It is to be expected that the temperature of this minimum in 
oxygen will shift slightly to higher temperatures with higher viscosity rubber 
and to lower temperatures with lower viscosity rubber of the same oxidizability. 
(As well as movement of branch A of Figure 1, variation of oxidizability of the 
rubber is likely to shift branch B.) 


COLD MASTICATION OF DIFFERENT RUBBERS 


Some grades of natural rubber are plasticized by cold mastication under 
nitrogen without the addition of radical acceptors. This anomaly has been 
traced to the presence in the rubber of adventitious impurities. Table III 
shows the change in Mooney viscosity after cold mastication of samples of rub- 
ber prepared from latex by different methods. Those undergoing breakdown 
in nitrogen without additions remain unplasticized after purification by extrac- 
tion with water-acetone, then acetone, and drying. The lack of breakdown of 
the sample of extracted, purified, crepe is evidence that the nonrubber compon- 
ents play no important part in plasticizing on cold mastication; this crepe con- 
tained less than 0.2 per cent nonrubber components, compared with approxi- 
mately 7 per cent found normally in rubber samples, including the others in- 
vestigated here. 
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TaBLe III 


MASTICATION OF DIFFERENT GRADES NATURAL RUBBER IN 


NITROGEN FOR TuirtTy MINvuTEs aT 55° C 


Mooney viscosities 


Rubber grade Initial Final 


Ppt. by sulfuric acid 80 76 
Ppt. by sulfuric acid (extracted) 91 88 
Ppt. by calcium chloride 90 90 
Skimmed blanket crepe 94 52 
Skimmed blanket crepe (extracted) 112 107 
Deproteinized crepe 91 60 
Deproteinized crepe (extracted) 91 88 


TABLE IV 


MASTICATION OF SYNTHETIC RUBBERS IN AIR AND NITROGEN 


Time of mastication 30 minutes 
Temperature of water flow 20° C 
Mooney Viscosities 
Rubber Initial Final Added acceptor 
GR-S-85 96 None 
96 Air 
96 1% benzoquinone 
96 1% thiophenol 
Krylene (extracted) 
(unextracted) 
(unextracted) 
(unextracted) % thiophenol 
Hycar OR-25 None 
Air 
, benzoquinone 


Results for the cold mastication of synthetic rubbers, given in Table IV, 
indicate that they are plasticized by a process similar to that for natural rubber, 
though there are differences in detail. 


DISCUSSION 


The experiments described above abundantly confirm the main thesis of 
this paper, that cold mastication depends for its suecess on two factors: (1) 
the production of free radicals by mechanical scission of the rubber; and (2) 
the presence of a radical acceptor able to prevent the recombination of the 
radicals. At the same time, it is shown that many radical acceptors are also 
capable of causing cross-linking. It now remains to discuss in a little more 
detail the chemical reactions involved in the separate steps of the plasticizing 


process. 
Primary radical formation.—Information on the initial rupture of the rub- 
ber into radicals by shear is provided by a comparison of the Mooney and 
intrinsic viscosities of masticated rubbers (Figure 3). The same relationship 
between these viscosities is seen to be followed by samples plasticized in nitrogen 
after the addition of radical acceptors and by those plasticized by oxidative 
degradation at higher temperatures. The same molecular-weight distribu- 
tions thus implied indicate that chain rupture in the respective scission pro- 
cesses follows the same pattern. Oxidative degradation very probably occurs 
by random scission along the polyisoprene chain'’, and this mode of scission 
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would be expected to apply also to cold mastication. In view of the high 
resonance stabilization of allyl radicals'* and the consequent weakening of the 
CH.—CH, bonds in the rubber molecule, the initial rupture by shear is en- 
visaged as: 
| 
CH; CH; 
R,—C=CH—CH,— —CH,—C=CH—R, 
| + | 
CH, CH; 
t 
| | 
R,—C—CH=CH, CH.==C—CH—R, 
| | 
CH; CH; 


Reactions of primary radicals.—Recombination must be very rapid, since 
it predominates over the other reactions of the radicals on mastication under 
nitrogen, and this is consistent with some analogous reactions of allyl radicals 
which have been examined in detail. Mutual interaction of kindred allyl 
radicals takes place in the oxidation of olefins at low pressure, though it is not 
known whether by combination or disproportionation”. Chemical evidence 
for combination is the formation of the diallyl dimers after abstraction of 
a-methylenic hydrogen atoms from olefins by tert-butoxy radicals derived from 
the thermal decomposition of di-tert-butyl peroxide”, for example: 


CHs CH; 
2 
CH; CH; 
CH,—¢-—CH—CH —CH,—C=CH—CH; 
ur, bu, 


(6) 


Evidence that a few of the primary radicals react with rubber molecules is 
seen in the small but reproducible increase in viscosity on cold mastication in 
nitrogen, as has been previously demonstrated in greater detail'®. The com- 
paratively low reactivity toward other polyisoprene chains of the radicals 
formed by shear parallels the known unreactivity of allyl radicals toward un- 
saturated groupings, e.g., in not causing polymerization when generated in 
vacuo in their olefins by free-radical catalysts”. It is possible, however, for the 
primary radicals from scission to act in a small degree as hydrogen atom ab- 
stractors (cf. radical stabilization by thiophenol), for example: 


CH; CH; CH; 


| | (b) 
CH:—C=CH—R, + =CH—R, ———> 


(A) (7) 
CHa CH, CH; 


(a) | | | 
CH;—C=-CH—R, + R-—C==CH —CH—CH, —C=CH—R, 


(B) 


| 
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and with subsequent reactions, as e.g., (6), leading to branched or cross-linked 
structures. The driving force for this H exchange can be attributed to the 
slightly greater resonance energy of the a-methyl-a,y-dialkyl propenyl radical 
(B), compared with the a,a-dimethyl-y-aklyl propenyl analogue (A), as is 
reflected in the greater difficulty of abstracting hydrogen from position (a) 
compared with (b)#. This hydrogen exchange is, then, a likely minor reaction, 
but on the present evidence cannot be taken as the only possible cause of the 
small viscosity increase. An alternative explanation would be that the non- 
rubber components are acting as cross-linking agents. Notwithstanding this 
ambiguity, we believe that attack on polymer molecules by the primary radicals 
formed by shear should logically be recognized in the present context, especially 
as it is likely to be of greater importance in the mastication of other polymers. 

Chemical evidence as to the reactions between the primary radicals and 
radical acceptors is difficult to obtain, but some tentative conclusions can be 
drawn. The reaction with benzoquinone has already been discussed and it is 
believed, from their behavior in polymerization processes, that maleic anhy- 
dride, acrylonitrile, and acrylic acid behave similarly”. The graded efficiencies 
of the quinones follow the order of their retardation efficiency in styrene poly- 
merization’, supporting the analogous reactions of Equation (2). The last 
three compounds above are reactive comonomers™, and maleic anhydride has 
also been shown to combine with the allyl radical from methyl]! oleate?®. Thiols 
are well known to be the most reactive polymerization transfer agents. By 
analogy, it is, therefore, concluded that similar reactions occur with rubber free 


radicals: 
R— + ArSH ———> RH + ArS— (8) 


This view is also supported by the inefficiency of phenyl] disulfide compared 
with thiophenol, and by the reduced efficiency of toluenethiol (reflecting 
greater difficulty of hydrogen atom abstraction), and of 2-mercaptobenzothi- 
azole (arising from its existence mainly in the tautomeric imino form®*), The 
stabilization observed with disulfides may be compared with their interaction 
with model allyl radicals, e.g., the reaction of benzothiazolyl disulfide with 


cyclohexeny!?’: 
+ RSSR——> + RS— (9) 


Secondary radical reactions.—The next question to be discussed is the fate of 
the radicals resulting from interaction between the primary rubber radicals 
and the radical acceptor. In many cases these probably combine, and thus 
have no effect on the physical properties of the rubber, e.g., the PhS— radicals 
from thiophenol may well give mainly PhoS.. Other reactions of these radicals 
may also occur, and it is clear that any interaction with another rubber molecule 
immediately opens the possibility of the production of branching or cross- 
linking. This is especially evident in cases such as (1) benzoquinone, where 
the new radical is already attached to a rubber chain; (2) comonomers, such as 
maleic anhydride, which can react readily with unsaturated molecules, or (3) 
radical acceptors, which contain more than one functional group, e.g., dithiols. 
Without further detailed discussion of the individual chemical reactions, it is, 
therefore, suggested that there is no difficulty in understanding qualitatively 
why branching and cross-linking often occur concomitantly with degradation. 

Mastication in oxygen.—The practical importance of oxygen in plasticizing 
rubber warrants special consideration of its action, particularly since it typifies 
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the multiple effects that can be encountered. First, however, the arguments 
furnished by the present results against the view that primary scission by the 
process resulting in Branch A of Figure 1 is oxidative, will be summarized. 

Experiments in air cannot provide unequivocal evidence on the role of 
oxygen, but, to satisfy our findings, any autoxidative hypothesis would have 
to ascribe the plasticizing under nitrogen to the action of residual oxygen. In 
particular, this requirement is inconsistent with: (1) the different, and often 
converse, effects of the same compound on mastication cold in nitrogen and hot 
in air (Table I); (2) the lack of correlation between plasticizing efficiency and 
catalytic or retarding action in olefin oxidation**; (3) the opposite dependences 
of cold and hot plasticization on benzoquinone concentration (Figure 4); and 
(4) the variation in plasticizing efficiencies of different compounds with tem- 
perature (Figure 6). Although these facts appear inconsistent with the view 
that scission is oxidative at low temperatures, the possibility remains that 
oxygen might still be the operative material and that added compounds serve 
to neatralize the antioxygen protection conferred by nonrubber components. 
This possibility is rejected, not only because the implied mode of action is un- 
supported by current knowledge, but also because (1) it is inconceivable that 
the wide variety of plasticizing additives all counteract natural antioxygens, 
and (2) the extracted, purified crepe, which did not break down under nitrogen 
(Table III), contained very low concentrations of natural antioxidants. 
Finally, formation of masticated rubbers of such varied physical properties is 
difficult to interpret without invoking directly the specific reactions of the 
added compounds. On the other hand, the behavior of oxygen interpreted 
according to the mechanism of cold mastication now advanced finds many 
analogies, as has been briefly noted previously. 

Some of the multiple effects after radical and acceptor reaction with oxygen 
are now considered. The physical properties of rubbers masticated with cer- 
tain acceptors in nitrogen and in air differ not only in degree but in kind. 
From a comparison of Mooney and intrinsic viscosities (columns 2,3 and 5,6 of 
Table I), pyrogallol, a-naphthol, trinitrophenol, m-dinitrobenzene, and 2,4- 
dinitroanailine produce linear degraded rubbers in nitrogen but branched (solu- 
ble) rubbers in air. Compounds of Table II likewise show selective over-all 
effects in nitrogen and in air. The explanation in terms of the present theory 
lies in the difference of reaction of these acceptors with the initial polyiso- 
prenyl radicals and the polyisoprenylperoxy radicals resulting from mastication 
in air. Specifically, those branching or cross-linking rubber in air and not in 
nitrogen react with the peroxy radicals, and so change the ultimate conversion 
to molecules into a cross-linking reaction. For example, the phenolic group of 
a-naphthol has little reactivity toward allyl radicals, but reacts readily with 
allylperoxy radicals by hydrogen transfer to give a naphthoxy radical”, which 
may attack a polyisobrene chain to initiate cross-linking. 

Limiting maximum rate of plasticizing—The concept of maximum rate of 
plasticization explains results, given here and elsewhere’, which are otherwise 
obscure. These consequences of the attainment of maximum rate with effici- 
ent radical acceptors are exemplified by mastication in air or oxygen. Oxygen 
generally predominates over other reagents in the competition for the primary 
radicals, and the effects of these are undetectable since the maximum rate has 
already been attained. In particular, this applies to oxidation catalysts and 
inhibitors, which alter the extent of plasticizing under hot mastication condi- 
tions in conformity with their function in autoxidative chain reactions, but 
which have no influence on the rate of plasticizing in air under cold mastication 
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conditions®. The independence of rate on oxygen concentration over a twenty- 
fold range* follows by the same argument. As a direct practical application, it 
would be futile to seek faster plasticizing of natural rubber by cold mastication 
in the presence of additives than obtained with air alone. 

The concept of limiting maximum rate of plasticization and its practical 
importance can be clarified by its formal derivation from the mechanism for 
cold mastication. The rate of radical production by shear equals the rate of 
recombination plus the rates of reaction of all acceptors present. When the 
acceptor reaction or reactions are large compared with recombination, the 
rate-determining step of over-all plasticization is the primary rupture. This is 
fixed by the nature of the rubber and performance of the masticator, and so 
leads to a limiting maximum rate, e.g., with oxygen and thipohenol. The 
negative temperature coefficient of plasticizing follows, since the negative 
temperature coefficient of mechanical rupture is numerically larger than the 
positive temperature coefficients of combination of radicals and of acceptor- 
radical reactions. Since the rates of acceptor-radical reactions are likely to 
have larger temperature coefficients than recombination, the acceptor-radical 
reactions become relatively more important at higher temperatures and lead to 
the effects observed: (1) that acceptor efficiencies show smaller differences at 
higher temperatures (Figure 6), and (2) that plasticization becomes undetect- 
able with different acceptors at the same temperature. 

Synthetic rubbers.—The few experiments carried out with synthetic rubbers 
indicate that these are also plasticized by cold mastication according to a mech- 
anism similar to that now proposed for natural rubber, but with different rela- 
tive rates of the separate reaction steps. Interesting and explicable features 
arise which clarify certain industrial practices, e.g., the incorporation of thio- 
naphthol (Vuleamel) and other compounds, essentially as radical acceptors 
(and not oxidation catalysts*). The stiffening of GR-S on mastication under 
oxygen-deficient conditions® can be interpreted as the greater competition of 
radical-polymer reactions with recombination than occurs with natural rubber. 
This is understandable as rupture by shear of the synthetic rubbers may pro- 
duce, at least in part, alkyl radicals. The enchancement of radical-polymer 
reactions follows from the greater reactivity of alkyl radicals, compared with 
allyl radicals, toward a-methylenic hydrogen atoms and double bonds. The 
lower efficiency of oxygen than of thiophenol and benzoquinone is paralleled 
by the reactivities of alkyl radicals in polymerization. 


CONCLUSIONS 


The process of cold mastication has been rationalized in terms of recognized 
chemical reactions, and its essential difference from the hot mastication process 
has been demonstrated. Many apparently unrelated phenomena occurring on 
cold mastication, as, for example, are collected in a recent survey”, can be 
interpreted as specific manifestations of the general scheme now presented. A 
clearer understanding of the basic function of the masticator is relevant to the 
design of such machines, 7.e., the provision of high shearing forces for low- 
temperature chain rupture and the exposure of large surface area for high- 
temperature autoxidative breakdown. No acceleration of cold plasticization 
by added compounds is normally obtainable under the shear conditions of the 
Banbury mixer, but may be encountered under more efficient shear and in 
oxygen-deficient conditions. Cold mastication is revealed as a_ versatile 
method for producing rubbers of a wide variety of physical properties, 7.e., 
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softer (linear degraded) rubbers, harder and soluble (branched or cross-linked) 
rubbers, and insoluble (cross-linked) rubbers. 


SYNOPSIS 


A mechanism is proposed for the degradation of natural rubber by the cold 
mastication process. The rubber hydrocarbon is considered to be ruptured 
into free radicals by the deformation of the rubber. These recombine, or 
react with oxygen or other suitable reactant, and thereafter do not necessarily 
recombine. Experimental evidence supporting this mechanism is reported, 
mainly the masticating of rubber in an atmosphere of nitrogen after incorpora- 
tion of substances likely to interact with the radical ends of the ruptured chains. 
Forty-seven substances functioning in this way are listed. A more detailed 
study has been carried out with one of these, benzoquinone, varying separately 
concentration, time of mastication, temperature, and mean chain length of 
rubber. A similar mechanism is shown to apply to the synthetic rubbers 
tested. The probable chemical reactions occurring and the correlation of cold 
mastication with other free-radical systems are discussed. The role of oxygen 
in cold mastication is considered in detail. The possible significance and 
practical application of the work is suggested. 
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A STUDY OF THE CHLORINATION 
OF NATURAL RUBBER * 


C. KONINGSBERGER 


Rvupper Sticutine, Deitrr, NeTHeERLANDS 


INTRODUCTION 


In 1939 there appeared a series of very interesting communications dealing 
with the chlorination of simple olefinic hydroearbons'. In these papers it was 
shown, in conjunction with other experimental work, that branched-chain hy- 
drocarbons like 2-methylpropene and trimethylethylene are attacked by 
chlorine, with formation chiefly of substitution products, at least in the first 
stage of the reaction: 


CH; CH; 


| 
H3;C—C=CH; + Cl, H:C—C=CH; + HCI 


1 
CH; CH; 


H,C—U—CH—CH, + Cl, ———> H.C—C—CH—CH, + HCl 


This substitution, which was, as a matter of fact, demonstrated long ago by 
Scheschukov in 1884 and by Kondakov? in 1885, predominates at room tempera- 
ture, and also at elevated temperatures, over the addition reaction. In the 
works cited above, the experiments are described in detail and quantitative 
data are presented to show that, by means of fractional distillation of the re- 
action products, the yields of allyl monochlorides are of the order of 80-90 per 
cent. 

Now during the last War, chemical investigations by the British Rubber 
Producers’ Research Association, and independently by the Rubber Foundation 
at Delft, established the fact that this same primary substitution reaction takes 
place when natural rubber is treated in solution with chlorine. The researches 
of the British Rubber Producers’ Association have already been published*, and 
the experiments described in the present paper represent some of the results 
obtained in the laboratory at Delft. As will be seen, the latter work is in good 
accord with the work described by Bloomfield’. 

When rubber in solution is made to react with gaseous chlorine or with 
chlorine in solution in carbon tetrachloride or in any other suitable solvent, 
there is always an immediate evolution of hydrogen chloride, even at room tem- 
perature or at slightly elevated temperatures. Furthermore, when the yield 
of the reaction, based on the chlorine added with excess rubber hydrocarbon 
present, is calculated, a value of approximately 50 per cent is always obtained. 


"© Translanted for Runner Cuemistry AND TECHNOLOGY from Chimie et Industrie, Vol. 63, No. 3bis, 
pages 562-565, March 1950. This paper was —— at the XXIst International Congress of Industrial 
Cieankstey, held at Brussels. Belgium, September 11-19, 1948. 
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Formerly these phenomena were attributed to a secondary spontaneous de- 
composition of the addition product initially formed‘, thus: 
CH; CH; 
| 
Cl Cl Cl 
CH; CH; 
| 
| | 
Cl Cl Cl 
This supposition is, however, far from satisfactory, because an analogous 
simple dichloride, such as trimethylene: 
CH; 
| 
Cl Cl 
is perfectly stable at room temperature, and it can even be distilled at atmos- 
pherie pressure (boiling point 130-135° C) without excessive decomposition. 
Consequently it is improbable that dichlorinated rubber hydrocarbon, which is 
distinguished from the above hydrocarbon only by its macromolecular char- 
acter, is so relatively unstable under these mild conditions. 
As a result of a study of the work of Burgin, Engs, Groll and Hearne’, it 
might be concluded that the chlorination of rubber begins with direct substitu- 


tion of one of the hydrogen atoms in secondary allyl position®, in accordance 
with the following scheme: 


CH; CH; 


| | 
+ Cl, ———> + HCl 


Cl 


Based on this hypothesis, a macromolecular derivative of the allyl type is 
formed, and this conclusion is in good accord with the known reactivity of the 
greater part of the chlorine in rubber hydrocarbon derivatives containing low or 
intermediate percentages of chlorine, 7.e., 0 to 50 per cent. 

In order to be able to measure quantitatively this reactivity, and to compare 
it with the reactivity of simple compounds of known structure, the present 
author, with the collaboration of two of his colleagues, G. Salomon, and A. J. 
Ultée, have developed a new method of kinetic analysis, the most important 
details of which will now be explained. 


KINETIC ANALYSIS 


This method of kinetic analysis is based on the determination of the com- 
parative rates of reaction between simple halogenated organic compounds and 
organic bases, such as aniline, piperidine, etc. 

‘arlier experiments had shown’ that the interaction between organic bases 
and halogenated compounds is not sensitive to traces of impurities and that the 
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reaction depends specifically on two factors: (1) the structure of the halogenated 
compound, and (2) the dielectric and basic properties of the solvent. 

Since the important details of the work have already been reported*, we 
shall describe here only some reactions with aniline, the most significant reagent 
with respect to temporary orientation. 

When different simple organic monochlorides are heated with an excess of 
aniline mixed with four volumes of nitrobenzene, the reaction is apparently a 
first-order reaction. The degree of conversion is determined by transforming 
the chlorine into ionic chlorine and titrating by the Volhard method. The 
reactivity of chlorine in some organic compounds is shown in Table 1. 


TABLE 


Time Required TO CONVERT INTO THE IONIC Form 50 PER CENT OF THE CHLORINE 
ORIGINALLY PRESENT IN MONOCHLORINATED ORGANIC COMPOUNDS 


(Reagent: Aniline 1 volume + nitrobenzene 4 volumes. Temperature 100° C) 
Type of chlorine General structure Hours 
Allylic R—CH=CH—CH.Cl 0.5 


Tertiary 

| 

R; 


Primary R—CH.CH.CI 
Ri 


Secondary “CHC! 
S 
Vinyliec R—CH=CHCI 


Nitrobenzene serves only to raise the dielectric constant of the medium, and 
in some cases this is advantageous. However, it need not be used, and the 
method can be modified in other ways without any detriment. For example, 
when the kinetic method of analysis is used for chlorinated rubber, pure aniline 
is satisfactory in most cases. 

Data obtained by the method of kinetic analysis, using aniline at 100° C, 
with rubber derivatives containing different percentages of chlorine have al- 
ready been reported’. 

These results show in fact that, in the first stage of the process of chlorina- 
tion, the greater part of the chlorine shows itself to be extremely reactive, and 
that, consequently, the initial reaction is principally substitution. 

The form of the curves makes possible, by extrapolation to zero time, an 
estimation of the relative content of active chlorine. This has been found to be 
80 per cent, at which point the total quantity of chlorine introduced is about 25 
per cent. This active fraction of the chlorine decreases progressively with 
continuation of the chlorination process. Such a phenomenon is explained by 

successive saturation of the double bonds C=C |, either by chlorine or 
\ 
by hydrogen chloride formed during the initial substitution. Simultaneously, 
saturation leads to disappearance of the allylic chlorine. 
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In order to determine the fraction of tertiary chlorine, which is only slightly 
or inappreciably reactive (see Table 1), experiments were carried out at 70° C, 
i.e., at a temperature at which tertiary chlorine is still relatively stable, whereas 
the allylic fraction still reacts very rapidly. As has been reported in work by 
Salomon, Koningsberger, and Ultée’, the quantity of tertiary chlorine is in- 
significant, at least in the initial stage of chlorination. 


SUBSTITUTION CHLORINATION BY MEANS OF SULFURYL CHLORIDE 


Crude rubber is another hydrocarbon which reacts with sulfuryl chloride, 
formation of chlorinated derivatives of allylic type. The function of sulfuryl 
chloride is, as it were, to serve as a source of less active chlorine. The results 
are nevertheless identical, at least on superficial examination. The reaction 
products, moreover, contain only a trace, @.e., less than 0.1 per cent, of sulfur. 
We must assume, therefore, that the principal reaction follows the course: 


CH; 


+ 80:ch—>_ 
4 3 


+ 80, + HCI 
| 
Cl 


Sulfuryl chloride is, in any event, preferable to free chlorine as a reagent in 
some cases for two reasons: 


(1) Solvents which are less resistant than carbon tetrachloride to chlorine 
‘an be employed, e.g., benzene, which is less costly. 

(2) The solution of rubber can be mixed intimately with the sulfuryl chlo- 
ride at the beginning at a low temperature, 7.e., 5-10° C, in which range of 
temperature no reaction takes place. 


The reaction takes place only when the mixture is then heated at 40-60° C, 
whereupon the reaction proceeds with the formation of absolutely homogeneous 
products. On the contrary, there is no assurance that such homogeneous prod- 
ucts will be obtained by the use of free chlorine, at least when the aim is to 
prepare chlorinated products with intermediate or relatively low chlorine con- 
tents. In this latter case, the free halogen reacts with the rubber very rapidly, 
even at 0° C, and cannot be dispersed uniformly throughout the highly viscous 
solution before the reaction has proceeded too far. As a result, a mixture of 
chlorinated products which differ considerably from one another in their total 
chlorine contents is always formed. We have been able to demonstrate this 
fact by applying the method of fractional precipitation. The preparation, by 
means of sulfuryl chloride as the reagent, of homogeneous derivatives of natural 
rubber containing intermediate or relatively low proportions of combined 
chlorine have been patented by the Rubber Foundation”, 


ADDITIVE CHLORINATION BY MEANS OF SULFURYL CHLORIDE 


Natural rubber, when extremely pure, and also purified gutta-percha, react 
with sulfuryl chloride mainly by addition, provided a small percentage of an 
organic peroxide is added as a catalyst. The same result is obtained if iodo- 
benzene dichloride, CsHsICls, is employed as the source of chlorine. 
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Some typical results obtained by means of the method of kinetic analysis, 
using aniline, of rubber chlorinated by different methods have already been re- 
ported by Salomon, Koningsberger, and Ultée". 

The additive chlorination of simple olefins by sulfuryl chloride in the pres- 
ence of peroxides has already been described by Kharasch and Brown”. To 
explain the reactions, these authors have proposed a chain reaction, the initia- 
tion of which can be attributed to an R* radical derived from the peroxide: 


R* + SO.Cl, ———> RCI + SO.CI* 
———> SO, + Cl* 


\ 
c+ 


+80,cl——> + 80.Cl* 
/ 
by dy 


Now it is known that crude rubber always contains impurities of natural 
origin and that these have antioxygenic or inhibitory properties. Very prob- 
ably such substances would prevent the initiation of the chain reaction as out- 
lined above. When crude rubber is treated with sulfuryl chloride, substitution 
chlorination always takes place, and the mechanism of this substitution is not 
sensitive to the presence of inhibitory substances. As is known, the resulting 
products contain a considerable percentage of allylic chlorine, which is very 
reactive and is in many cases disadvantageous. 

On the contrary, with purified rubber and with the addition to it of a peroxide 
or other compound which will readily break up into radicals, chlorination with 
sulfuryl chloride as the agent will follow the scheme outlined above. Accord- 
ingly, if the aim is to prepare chlorinated products containing stable chlorine 
and, at the same time, containing relatively low or at the most intermediate 
chlorine contents, recourse must be had to this last method of synthesis. 
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THE STRUCTURE OF CHLORINATED RUBBERS * 


René AND L&0N ORSINI 


LABORATORY OF INDUSTRIAL CHEMISTRY, UNIVERSITY oF Lyon, Lyon, FRANCE 


In a preceding study, one of the present authors! showed that the products 
which are formed by the prolonged action of chlorine on a carbon tetrachloride 
solution of natural rubber have a uniform composition, and that this composi- 
tion corresponds to the empirical formula (CioH,Cl;),, where x lies within the 
range of 11-13, irrespective of the molecular weight. 

However, this stoichiometric formula can represent more than one structure. 
Some investigators? have favored a linear structure, in which the chlorine atoms 
are fixed, both by addition to, and by substitution in, the rubber hydrocarbon 
molecule, without any resultant modification of structure of the latter. On the 
other hand, Farmer* proposed the following cyclane structure: 


Cl 
bu—cn 
CHs—C—C] CH—Cl 


\ 

| | 

cl cH.C! 


Furthermore, consideration should be given to the possible coexistence of 
several types of chain formation in the same macromolecule. 

This problem of the structure of chlorinated rubber seems to offer difficulties 
when chemical methods are used for studying the structure. On the contrary, 
physical methods are capable of giving precise and useful information. Thus, 
Staudinger and Staudinger‘, as the result of a comparative study of the specific 
viscosities and osmotic molecular weights of different fractions of chlorinated 
rubber, came to the conclusion that one of the effects of chlorination is a con- 
siderable contraction of the natural rubber chains. These investigators as- 
sumed that chlorinated rubber is a highly cyclized and bridged product and, 
at the same time, is heterogeneous. 

Among physical methods, infrared spectrography appears to be the most 
direct method for gaining an insight into the elemental structure of macro- 
molecular compounds. 

In the present work, the infrared absorption spectra of different fractions of 
rubber chlorinated to the maximum degree were recorded, and were then com- 
pared with the spectra of natural rubber itself and of partially chlorinated 
rubber. The results lead to the conclusion that the structure is homogeneous, 
and confirm the hypothesis of Farmer that the structure is cyclohexanic. 


* Translated for RuspeR CHEMISTRY AND TECHNOLOGY from the Revue Générale du Caoutchouc, Vol. 
30, No. 1, pages 42-45, January 1953. This paper first appeared in the Journal de Chimie Physique et de 
Physico-Chimie Biologique, Vol. 49, pages 422-426 (1952), from which the verson in the Revue Générale du 
Caoutchouc was transcribed. 
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RUBBER CHEMISTRY AND TECHNOLOGY 


APPARATUS AND METHOD OF MEASUREMENT 


The measurements were made by means of a Beckmann spectrophotometer 
of the 1R» type, and in the range of 3-15. The polymers were dissolved in the 
appropriate solvents, to make solutions of various concentrations, depending on 
the solubility, and ranging from 2.4 to 10 grams per 100 cc. The rock-salt cell 
used for all the measurements was 0.4 mm. thick. 

The solvents employed in most cases were carbon tetrachloride for the 
range of 3-7.5u, and carbon disulfide for the range of 7.5-l5u. However, this 
latter solvent was used only for the measurements of rubber chlorinated to the 
maximum degree. 

In this last case, the measurements are expressed as the fraction of radiation 
transmitted by the solution: T = 100 //Jo, as a function of the wave length A 
(see Figure 1), where Jo is the energy of a unit of incident monochromatic 
radiation, and J is the energy of the same radiation after passage through the 
solution. 


T% 


\ 
\ 


2 4 6 8 40 12 14 A(p) 


Fic. 1.—Radiation transmitted as a function of the wave length. Curve 1—Spectrum of carbon disulfide. 
Curve 2—-Spectrum of 5 per cent solutions of fractions 2A, 3A, and 7B in carbon disulfide. 


T% 


2 4 6 3 12 14A(pP) 


Fic. 2.-Radiation transmitted as a function of the wave length. Spectrum of 
purified natural rubber (co = 5.6 g. per 100 cc.). 


Tk 


2 4 6 3 10 12 14A(p) 


Fic. 3.—-Radiation transmitted as a function of the wave length. Spectrum of 
sample no. 1 of chlorinated rubber (chlorine 43%; co = 3 g. per 100 ec.). 
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Vi 


2 4 6 8 10 19, 14 (pH) 


Fie, 4.—Radiation transmitted as a function of the wave length. Spectrum of 
sample no, 2 of chlorinated rubber (chlorine 54.5%; co = 5 g. per 100 ce.). 


\f 


a. 


2 4 6 8 10 12 14 A(p) 


Fig. 5.—KRadiation transmitted as a function of the wave length. Spectrum of 
sample no. 3 of chlorinated rubber (chlorine 59%; co = 10 g. per 100 ec.). 


T% 


\ 


2 4 6 8 10 12 14 X(p) 


Fic. 6.—Radiation transmitted as a function of the wave length. Spectrum of 
sample no. 5 of chlorinated rubber (chlorine 65.5% ; co = 10 g. per 100 cc.). 


In the other cases (see Figures 2, 3, 4, 5, and 6), the results are expressed in 
terms of the fraction of the radiation transmitted by the polymer: 7’ = 100 
I/Io, as a function of the wave length A, where Jo is the energy of a unit of mono- 
chromatic radiation after passage through the cell filled with pure solvent, and 
I is the energy of the same radiation after passing through the cell filled with 
solution. 


RUBBER CHLORINATED TO THE MAXIMUM DEGREE 
PREPARATION 


The products were prepared at 50° C by the continued action of chlorine, 
until no more reacted, on natural rubber in solution in carbon tetrachloride. 
After degassing, the solutions were poured into water, at 90° C, whereby the 
solvent was expelled and the chlorinated rubber precipitated in the form of 
white flocks. The product was then dried in an air oven at 90° C. 
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FRACTIONATION 


The products obtained by this method were dissolved in toluene, the insolu- 
ble impurities were removed by decantation, and several fractions were pre- 
cipitated successively in the form of coacervates by repeated additions of 
ethanol. The coacervates were in turn dissolved in toluene, and the solutions 
were poured into ten volumes of boiling methanol. In this way, the chlorinated 
rubber precipitated in the form of flocks, which could be freed of all traces of 
solvent by heating in an air oven at 70° C for several hours. 


CHARACTERISTICS OF THE DIFFERENT FRACTIONS 


Two products, A and B, were prepared by the method just described, and 
each was then separated into seven fractions. Fractions 2A and 3A, and also 
fraction 7B, were examined spectrophotometrically. The chlorine contents 
were determined by the semimicro method, with sodium peroxide as reagent’, 
and the carbon/hydrogen contents were determined by semimicroanalysis by 
means of the apparatus of Reihlen and Weinbrenner. 

The determinations of the molecular weights were made by semidynamic 
measurements of the osmotic pressures, using toluene as solvent. 

The characteristics of each fraction studied are shown in Table 1. 


TABLE | 


Fraction % Ci %C M 
2A 65.2 31.6 3. 730,000 
3A 65.5 31.4 3. 600, 
7B 65.5 31.8 ; 220,000 


STUDY OF THE INFRARED ABSORPTION SPECTRA 


The spectrophotometric measurements were made with these same fractions, 
first dissolved in carbon disulfide at the concentration of 5 grams per 100 cc., 
in the ranges of 3—4.5u, 5-6u, and 7.5-14 5y, in which ranges carbon disulfide is 
adequately transparent. 

Recording of the spectrographs was made under identical conditions for all 
three products, viz., at 27° C, with a rock-salt cell 0.4 mm. thick, and with 
purified carbon disulfide from a single source. As a test of reproducibility, 
after measuring each solution, the spectrum of carbon disulfide was determined 
anew. No variations were observed. 

The results are shown in Figure 1. The curves represent the radiation 
transmitted, 100 //Jo, in percentage, as a function of the wave length, for 
carbon disulfide on the one hand and for the solutions on the other hand. 

The spectra of the solutions of the three fractions are superposable, and 
this indicates that the macromolecules of rubber chlorinated to the maximum 
degree have the same structure, irrespective of their molecular weight. These 
macromolecules are constituted of repetitions of one particular elemental 
structural unit. 

NATURAL RUBBER 


PURIFICATION 


Natural rubber, in the form of first latex crepe, was purified by the following 
method. 

The crepe was cut into small pieces, extracted several times with acetone, 
the residue was dried, dissolved in toluene, the solution was filtered, and the 
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filtrate was fractionally precipitated by methanol. Only the middle fraction 
was kept. The coacervate which contained this fraction was dissolved and 
then reprecipitated. Finally this fraction was dissolved in carbon disulfide 
and then reprecipitated progressively in methanol at 50° C. The rubber ob- 
tained by this method was then dried in a high vacuum at room temperature. 


INFRARED ABSORPTION SPECTRA 


The infrared absorption spectrum, obtained by the method described, is 
shown in Figure 2. This spectrum agrees with that of Saunders and Smith*. 


PARTIALLY CHLORINATED RUBBER 
PREPARATION 


Thirty grams of first latex crepe, in solution in 2000 grams of carbon tetra- 
chloride, was subjected at 40° C to the action of chlorine. A sample was re- 
moved from the reaction mixture each hour, and was then poured into water at 
90° C; this removed the solvent and gave, in solid form, products which were 
chlorinated to different degrees, depending on the time of treatment. 


PURIFICATION AND FRACTIONATION 


The products were dried by repeated treatments with alcohol-ether mix- 
tures, following which, all traces of liquid were removed in vacuo. Prepared in 
this way, the chlorinated rubber products were obtained in the form of more or 
less spongy grains. The products containing, by analysis, 40-60 per cent of 
chlorine were partially insoluble. The soluble portion was isolated by diffusion 
into toluene, and was then fractionated by precipitation by methanol. 


CHARACTERISTICS OF THE DIFFERENT PRODUCTS 


All the samples studied yielded fractions containing the same chlorine con- 
tents; 7.e., analysis gave values of 48, 54.5, 59, 63, and 65.5 per cent, respect- 
ively, of chlorine. 


INFRARED ABSORPTION SPECTRA 


The spectra were obtained from solutions of the products in carbon tetra- 
chloride and in carbon disulfide, as already described. They are reproduced 
in Figures 3, 4, 5, and 6. 

In addition, the law of Lambert and Beer was utilized for the maximum 
absorption values, viz., log (Jo/J) = Ke. In this expression, where the thick- 
ness of the cell plays no part, since it is maintained constant, c is the concentra- 
tion (calculated as the weight of natural rubber). If, for a product analyzing 
a per cent chlorine, co is the concentration in grams per 100 cc., then: 


_ (100 — a)Co 
100 


Table 2 shows, for each of the six polymers examined, the absorption co- 
efficients (K values) corresponding to five maxima. 

The spectra of chlorinated rubber are entirely different from the spectrum 
of natural rubber, a fact which points to fundamental differences of structure. 
In particular, only two absorption bands are present in all the spectra, viz., at 
3.4u and 7yu, which are those characteristic of —-CH— groups*®. An examina- 
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tion of the K values given in Table 2 will make evident that the band at 3.4u 
weakens as chlorination progresses, whereas the band at 7u remains unchanged. 

When the chlorine content reaches 54.5 per cent, both the spectral line at 
6.1, which is characteristic of double bonds, and the line at 12u, characteristic 
of =CH— groups, disappear. 

On the other hand, chlorination resu!ts in the appearance of new absorption 
bands, around 8 and Ilu. As chlorination progresses, these bands are dis- 
placed slightly toward the short wave lengths. The intensity of the line at Su 
increases continuously, whereas that of the line at 114 decreases until a chlorine 
content of 54.5 per cent is reached, above which point the intensity remains 
essentially constant. 

Beginning with a chlorine content of 54.5 per cent, a strong line appears at 
13.8u, the intensity of which then remains practically constant at higher de- 
grees of chlorination. 


INTERPRETATION OF THE RESULTS 


To interpret the results described, it is helpful to consider the mechanism 
according to which the chlorination of rubber proceeds. This mechanism has 
been well described by Bloomfield’. This investigator carried out experiments 
in which natural rubber, in solution in carbon tetrachloride, was made to react 
to 77° C with measured quantities of chlorine, vsz., 0.5, 1, 2, and 3 molecules 
per CsHs chain unit. By determining the hydrogen chloride formed and the 
chlorine which did not enter into the reaction, he was able to demonstrate that 
the fixation of chlorine on the rubber hydrocarbon progresses in accordance 
with the following mechanism: 


(1) in the initial step, chlorine is fixed solely by addition: 


CroHie + 2Cl, + 2HCl (Cl = 34.6%) 


(2) following this initial reaction, addition and substitution reactions take 
place concurrently : 


CioH Cl, + 2Cl, CyoHisCls + HCl (Cl = 57.2% 


(3) in the final stage, chlorine is fixed solely by substitution: 
CyoHisCls + 2Cl, ——— CyoHiuiCl, + 2HCI (Cl = 65.4%) 


In these three steps, chlorine saturates only one-half of the double bonds. 
However, Bloomfield showed that the iodine number of a product removed at 
the end of the second stage of the reaction is practically zero, and that, more- 
over, the iodine number decreases abnormally during the initial reaction. One 


TABLE 2 


ABSORPTION COEFFICIENTS 


107K 


(%) A\=3.4p A~8u A~llp 


0 6 10.3 — — 

43 5.02 12.5 (8u) 31 
54.5 3.77 13.1 (8) 13.6 (10.9) 
59 ‘ 3.10 15 (7.9) 11.5 (10.84) 
63 3.8 2.55 17.5 (7.8) 10 (10.7%) 
65.5 2.44 19 (7.86) 11 (10.74) 
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TABLE 3 


Position OF THE PRINCIPAL ABSORPTION LINES 
(EXPRESSED AS » VALUES) 


Chlorinated Chlorinated 
B-Hexachloro- rubber rubber 
Cyclohexane cyclohexane (43% chlorine) (65.5% chlorine) 
3.42 3.4 3.4 3.4 
6.8- 6.9 7 7 
Gut 

8 8.1 7.8 

9.5- 9.7 Y.5 G4 9.5 

11.1 11 10.7 
11.4-11.7 12 

13.5 13.8 


must assume, therefore, either that these measurements of the unsaturation 
give too low values because of steric hindrance by the first chlorine atoms which 
are fixed, or that, during the initial reaction, cyclization takes place, with 
resultant disappearance of double bonds. 

The work described in the present paper confirms the second hypothesis. 
In fact, the spectrum of product no. 2 (containing 54.5 per cent chlorine) does 
not show any absorption bands at 6.14 and at 12u, and this indicates that, 
beginning at this degree of chlorination, the polymer has become practically 
saturated. On the contrary, product no. 1 (containing 43 per cent chlorine) 
still contains double bonds, a fact which is in accord with the mechanism de- 
scribed above. 

One is led, then, to the conclusion that chlorinated rubber containing, by 
analysis, more than 57.2 per cent chlorine is saturated. 

There still remains, however, the problem of explaining how the double 
bonds which have not fixed chlorine become saturated. The striking similarity 
between the spectra of chlorinated rubber and of cyclohexane, and of B-hexa- 
chloroeyclohexane as well, would lead one to believe that this saturation is 
effected by the formation of C, rings. This similarity is made evident by the 
data in Table 3, which give, on the one hand, the important absorption bands 
of eyclohexane® and of B-hexachlorocyclohexane® and, on the other hand, the 
bands of two chlorinated rubber products. 


SUMMARY 


Natural rubber chlorinated to the maximum degree is a homogeneous pro- 
duct in chemical composition and likewise in chemical structure. It is a chemi- 
cally saturated compound, with a chain structure having the cyclohexane 
group, CioH,Cl;, as the base unit. Such a structure is conceivable only if 
has a value of 11, which cannot be determined precisely by any of the methods 
of organie analysis. 
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DETERMINATION OF VOLATILE FATTY 
ACIDS IN NATURAL RUBBER LATEX * 


M. W. Puitpeotr anp K. C. SEKAR 


CuemicaL Division, Ruspper Researca oF MALAYA, 
Lumpur, MALaya 


INTRODUCTION 


The want of a chemical method to determine incipient decomposition in 
preserved latex has been long felt by producers and consumers of latex. A 
method often used is to neutralize the ammonia in latex with boric acid or sul- 
furic acid, and to judge the extent of decomposition from the intensity of put- 
refactive odors. This method, besides having limitations common to all sub- 
jective tests, is insufficiently sensitive to detect the early stages of putrefaction. 

Another way of assessing deterioration in latex is to determine the total 
concentration of acidic substances by KOH titration'. Though it is widely 
used in industry, the method has several disadvantages, both as a test for de- 
composition and as an index of processing behavior. First, acids are estimated 
which titrate up to pH 11.2, thus failing to discriminate between stabilizing 
(i.e. soap forming) and destabilizing (e.g. formic, acetic) acids. Second, con- 
jugate acids of bases, basic groups of zwitterions from amino acids, etc., are 
included. Third, it fails with latexes to which soaps or fixed alkalies have been 
added. 

Following observations made in 1941 by the late W. S. Davey at the Rubber 
Research Institute of Malaya, we have now shown that a substantial proportion 
of the acids formed in latex as a result of natural degradation processes can be 
distilled in steam, and that these volatile acids consist mainly of acetic acid, 
with some formic and propionic acids. It is considered that a test of spoilage 
based on the estimation of these acids would be free from the disadvantages 
that are inherent in the KOH titration, and methods of determining quantita- 
tively the volatile fatty acids in latex have accordingly been worked out. 


OUTLINE OF METHOD 


The essential steps in the determination are to isolate the latex serum and 
to estimate, by acidimetric titration, the acids which can be distilled therefrom. 
Two methods of preparing the serum are described below, together with two 
methods of distillation. To isolate the serum, a neutral coagulant such as 
ammonium sulfate is preferred to an acid because it induces a slow, even coagu- 
lation, whereas acid coagulants may form local clots that hinder the uniform 
distribution of coagulant throughout the liquid phase. With salt coagulation, 
the yield of serum obtainable from a given sample of latex is small. It is con- 
venient, therefore, to consider acid coagulation as the appropriate means of 
isolating the serum when carrying out the macroscale (constant volume) dis- 


* Reprinted from the Journal of the Rubber Research Institute of Malaya, Vol. 14, pages 93-107, February 
1953. his is Communication no. 281 from the Rubber Research Institute. 
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tillation procedure (A), and ammonium sulfate coagulation as the preferred 
method for the semimicrodistillation (B). 

Of the two variants of the distillation technique, the first to be described 
(A) provides a semiquantitative estimate of the amounts of individual volatile 
fatty acids present in latex, while the second (B) serves as a rapid method for 
the determination of total volatile acids. 


MACROSCALE (CONSTANT VOLUME) DISTILLATION 


This procedure is based on the Duclaux principle? that when a dilute solution 
of volatile substance is distilled at constant volume, the amount of volatile 
solute passing over into the distillate is related to the volume of the distillate by : 


k = -In (1) 


where a is the amount of solute originally present in the distillation flask, 2 is 
the amount that passes over into volume » of distillate, and k is a constant char- 
acteristic of the volatile substance. Transposed into exponential form, this 
equation may be written: 


r= qa (2) 
where q = 1 — exp (— kv). 


Experiment has shown that the distillation constant & (and, hence, the co- 
efficient g) is not wholly independent of the dimensions of the apparatus and the 
conditions of the distillation; nevertheless, consistent and reproducible results 
can be obtained if the apparatus is not varied and the procedure is ade- 
quately controlled. 

If the volatile acids of latex consisted exclusively of one individual, say 
acetic acid, it would be possible to estimate a from Equation (2) by simply 
titrating a given volume of distillate, having first determined q from a prelimin- 
ary experiment with a known solution of acetic acid. Distillation and chro- 
matographic evidence show, however, that in latex we have a mixture of formic, 
acetic and propionic acids, each of which will distil independently in accordance 
with an equation of the form of (2). Thus if F, A and P are, respectively, the 
amounts of formic, acetic, and propionic acid initially present in the distillation 
flask, the total amount of mixed acids that will pass over into a distillate of 
volume v will have a titer value: 


pF (3) 


where p, q:, and r; are the coefficients corresponding to formic, acetic, and pro- 
pionic acids, respectively, and to a distillate of volume »). 

In Equation (3) coefficients pi, qi, and r; can be predetermined by separately 
distilling at constant volume known solutions of formic, acetic, and propionic 
acids, while pif’, the amount of formic acid in the distillate, can be found by 
any of the specific methods available for the determination of formic acid. To 
evaluate the remaining unknowns A and P, we require one more equation, and 
this may be obtained by collecting and titrating a further volume v, of distillate 
immediately after the first volume v;. If po, qo, and r2 are the coefficients, pre- 
viously determined, corresponding to the combined volume (v; + v2) of the two 
distillates and t. is the titer value of the second distillate: 


le = pF + q2A -+ (4) 
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Substracting (3): 
to = — pr)F + — QA + + (5) 


From Equations (3) and (5) it follows that, if the solution being distilled 
contained only one volatile acid, the ratio of the amounts passing into two suc- 
cessive distillates would be a function only of the volumes of distillate and of the 
distillation characteristics of the acid. Thus the ratio of the titers of two suc- 
cessive distillates serves to characterize the substance being distilled from a 
single component solution, and often provides a useful indication of the main 
components of a mixture, the precise composition of which is not known. 

To illustrate these relationships Table I shows results actually obtained by 
separately distilling 0.01 N formic, acetic, and propionic acids at constant 
volume and determining the quantity ot acid that passed over into (a) the first 
50 ce. and (b) the next 200 cc. of distillate. Clearly, if an unknown mixture 
of all three acids were distilled in the same apparatus, the titer values of the 
successive distillates could be written: 


tso 0.091 F + 0.166 A + 0.292 P 
tooo = 0.261 F + 0.409 A + 0.495 P 


from which A and P could be calculated if formic acid in the combined distil- 
lates, t.e., (0.091 + 0.261) F, were separately determined. 


TaBLe | 


Amount CARRIED OvER INTO DISTILLATE, AS FRACTION OF 
Amount INITIALLY IN DISTILLATION FLASK 


Volume of Formic Acetic Propionic 
distillate Titer acid acid acid 


50 cc. tso 0.091 0.166 0.292 
200 cc. tooo 0.261 0.409 0.495 


too0/tso 2.87 2.46 1.69 


In passing, it should be noted that acetic acid is the predominating volatile 
acid component of latex (vide infra), formic and propionic acids being present 
in only small amounts. Consequently the error introduced by assuming 
volatile acids other than acetic acid to be wholly absent (F = P = 0 in Equa- 
tion 3) is always small and often negligible. For practical purposes a sufficiently 
close estimate of the total volatile acids may usualy be obtained by multiplying 
the acid found in a single volume of distillate by a predetermined constant 
factor. 

In the special circumstance where a single volatile acid is present and two 
successive distillates each of volume v are collected and titrated, a simple ex- 
pression for a, the amount of acid initially in the distillation flask, can be derived 
from the fundamental Equation (1) in terms of the amounts of acid found in 
the distillates. Denoting these amounts by the corresponding titer values t' 
and ¢, it can be shown that: 


a= te 


an expression which is independent of the distillation constant of the acid being 
distilled and of the volume of the two distillates, provided these are equal. 
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SEMIMICROSCALE (TOTAL RECOVERY) DISTILLATION 


Although useful for indicating the individual volatile acids present, as well 
as for estimating the total amount, the Duclaux distillation (A) is slow (about 
13 hours to distil 250 cc.), and the identification of acids from distillation con- 
stants is subject to considerable uncertainty. In the routine assessment of 
latex spoilage, for which a knowledge of the total volatile acid content is usually 
sufficient, it is preferable to employ a distillation technique that effects the 
total recovery of acids accurately and rapidly. Because of the moderate 
volatility of the lower members of the fatty acids series, their complete recovery 
by distillation is not easy to accomplish. Experiments with model sera show, 
however, that recovery becomes more complete as the scale of the distillation 
apparatus is reduced. Excellent results have, in practice, been obtained by 
steam-distilling in the highly efficient Markham still’, but no doubt other stills 
designed for the micro or semimicrodetermination of ammonia could also be 
used successfully. 

APPARATUS AND PROCEDURE 


A 


For the constant-volume distillation, the apparatus‘ consists of a 400-cc. 
distillation flask, connected to a source of steam, and an inclined Liebig con- 
denser, which leads to a graduated receiver. The distillation flask is marked to 
show the 150-ce. level. The rate of steam supply is controlled by heating 
water in a 2-l. Pyrex steam generating flask with immersion coils (nickel chrome, 
about 80 ohm) connected to the mains supply (230 v) through an adjustable 
resistance (0-40 ohm). 


STANDARDIZATION OF APPARATUS 


Add 150 ec. 0.01 N formic acid to the distillation flask, steam distil (keeping 
the volume constant at 150 cc. and the rate of distillation about 200 cc. per 
hour), collect a 50-cc. portion of distillate, then immediately a 200-cc. portion, 
and titrate each (under CO: free conditions) with 0.01 N NaOH (phenol- 
phthalein indicator). From the respective titers, calculate the fractions of 
formic acid originally in the flask that were carried over into the 50-cc. and 
200-ce. distillates. Repeat the standardization with acetic and propionic acids. 
Tabulate the results of the standardization trial as in Table I. 


PREPARATION OF LATEX SAMPLE 


Weigh latex (50 + 0.5 grams) of known dry rubber and total solids con- 
tent in a beaker, dilute with water (100 cc.), add a mixture of 5 N H.SO, (20 ec.) 
and 20% phosphotungstic acid (5 ce.) to precipitate rubber and proteins. 
Calculate the total volume V of the aqueous phase from the dry rubber content 
of the latex, the specific gravity (1.02) of serum, and the volume (125 ec.) of 
added water and coagulant. Stand for one-half hour, and transfer the coagu- 
lum, together with its serum, to a Buchner funnel fitted with filter paper. Col- 
lect as much serum as possible by pressing out the coagulum on the filter. 
Transfer 100 cc. of the filtered serum with 50 cc. of water to the distillation 
flask. 

DISTILLATION AND TITRATION 


Distil with steam, keeping the volume of liquid in the flask constant at 150 
ce. and the rate of distillation about 200 ce. per hour. Collect the first 50 ec. 


at 
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and the next 200 cc. of distillate separately, and titrate with 0.01 N NaOH 
(phenolphthalein indicator). Reserve the combined neutralized distillates 
for the determination of formic acid. Determine the blank on 50-ce. and 
200-ce. distillates from 150 ec. of water (acidified with H.SO,4), and correct the 
titer values for the respective blanks. Call the corrected titer values of the 
50-ce. and 200-cc. distillates, t; and t., respectively (express titer values as 
milliequivalents of acid). 


DETERMINATION OF FORMIC ACID 


Any standard analytical method for formic acid may be used, but the fol- 
lowing procedure is preferred. To the combined neutralized distillates (re- 
duced in volume to about 100 cc. by evaporation), add sodium acetate—sodium 
chloride (10 cc. solution containing 50 grams CH;COONa.3H;0 and 24 grams 
NaC1 per liter), followed by mercuric chloride (10 ce. 5 per cent solution). Ifa 
precipitate of mercurous chloride forms (indicating the presence of formic acid), 
filter with suction through a sintered glass crucible (porosity no. 3). Wash the 
precipitate first with water and finally with alcohol. Dry half an hour at 
100° C, cool, and weigh. 


1 gram Hg-Cl, = 0.0975 gram or 2.12 millequivalents formic acid 


CALCULATION 


Using the constants given in Table I for purposes of illustration (the analyst 
should use the constants obtained in the standardization of his own apparatus), 
we first determine F, the quantity in milliequivalents of formic acid initially 
present in the distillation flask, from F = (meq. formic acid found in combined 
distillates) /0.352. We then write down equations corresponding to the follow- 
ing, and solve for A and P: 


tso = 0.091 F + 0.166 A + 0.292 P 
tooo = 0.261 F + 0.409 A + 0.495 P 


Out of the V cc. of total water-phase associated with 50 grams of latex, 100 
ce. was placed in the distillation flask. Hence the quantity of volatile acids in 
the latex, expressed as milliequivalents of total volatile acids per 100 grams of 
latex is: 

2V (F+A+P) 


ee meq./100 g. latex. 


The volatile fatty acids are usually reported as grams of KOH per 100 grams 
total solids (VFA no.), in conformity with the conventional practice ot report- 
ing KOH no. in these terms. 

In practice it frequently happens that the ratio of the two titers (tz00/tso) is 
found to approximate to the ratio characteristic of acetic acid (7.e., 2.46 for the 
particular distillation conditions of the illustrative experiment recorded in 
Table I); it may then be sufficiently accurate to assume that the volatile acid 
consists exclusively of acetic acid. The determination of formic acid is then 
omitted, and the total volatile acid, as acetic acid, is caleulated from the com- 
bined titers and the predetermined constant (p2s0) for acetic acid (0.575 in the 
illustration), thus: 

tso + tooo = q250A 
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This modification in the procedure can be further simplified, it desired, by 
making the two successive distillates equal in volume (say 50 cc.). A knowl- 
edge of the distillation constant can then be dispensed with, the titer value of 
the acid initially present in the flask being given by t;?/t; — t. where ¢; and ¢. 
are, respectively, the titer values of the first and second equal disitllates. 

By sacrificing a certain degree of accuracy the determination can be speeded 
by simply titrating the first 50 ec. of distillate and multiplying the titer by a 
constant factor (1/qs0) to obtain the titer of the volatile acids originally present 
in the flask, assuming them to consist exclusively of acetic acid. The appropri- 
ate factor is found for a particular apparatus and set of conditions by distilling a 
known solution of acetic acid or, better, by deriving it from the constant-volume 
distillation data of a number of typical latexes. Using data from 118 latex 
concentrates we have found a value of 6.2 for this factor. This approximate 
method has been found useful when a rapid estimate of VFA no. is required and 
a 10 per cent uncertainty in the result can be accepted. 


B 


The apparatus for the semimicroscale distillation consists of a Markham still® 
connected to a source of steam (Figure 1). The still is prepared for a deter- 
mination by passing steam through it for at least 0.5 hour. . 


PREPARATION OF LATEX SAMPLE 


To latex (50 + 0.5 gram of known dry rubber content and total solids con- 
tent add 70 per cent saturated ammonium sulfate solution (50 cc.) in a beaker 
and swirl while warming over a water bath until it thickens and coagulates 


(generally 0.5 to 5 minutes). Press out serum by kneading the coagulum with 
a glass pestle and filter through a dry filter. Pipette 25 cc. of the filtered serum 
into a dry 50-ce. conical flask, acidify with 10 N H.SO, (5 cc.) and take one- 
third aliquot (10 ec.) of the acidified serum for the distillation. 


Steam inlet 


Fria. 1.—The Markham still. 


— 
( 
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DISTILLATION AND TITRATION 


With steam passing through the outer jacket of the distillation apparatus 
(steam outlet cock A open), introduce by pipette the acidified serum together 
with one drop of silicone antifoam agent into the inner tube. Place a 100 ce. 
conical flask under the tip of the condenser to receive the distillate. Partially 
close cock A to divert steam into the inner tube. Pass steam gently at first; 
then fully close cock A and adjust the rate of steam entry to give a distillation 
rate of 5 to 6 cc. per minute. Distil for 10 minutes ‘7.e., until about 50 cc. of 
distillate has been collected) and, after changing the receiver, for a further 5 
minutes (as a check on the completeness of the distillation). Aerate the dis- 
tillates with CO, free air and titrate with 0.01 N barium hydroxide, using 
bromothymol blue as indicator. 


CALCULATION 


From the predetermined dry rubber content of the latex and the specific 
gravity (1.02) of the native serum the weight of latex corresponding to the 10 
cc. of acidified serum taken for the distillation can be calculated (about 6 grams 
for 60 per cent latex concentrate). 

If this weight is W, then the volatile fatty acid content of the latex expressed 
as grams of KOH per 100 grams of latex solids (VFA no.) is given by: 


_ cc. Ba(OH): X N X 561 
VFA no. = - Wx TS 


where N = normality of the barium hydroxide solution, and 7'S = percentage 
total solids content of the latex. 

Two operational details are important. The serum must be acidified ex- 
ternally (as in the procedure outlined above), not in the apparatus itself; for if 
serum containing free ammonia is added to acid in the distillation vessel, the 
distillate is liable to become contaminated with ammonia during the few seconds 
required for the serum to mix with the acid. Secondly the liquid being distilled 
must be at least 1.5 N in sulfuric acid, since ammonium sulfate solutions of 
lower acidity have been found to liberate traces of ammonia on being steam- 
distilled in the Markham apparatus. Any accidental carry over of liquid into 
the distillate as a result of foaming or excessive rate of steam input at the start 
of the distillation is revealed by the appearance of a precipitate on titrating with 
bariam hydroxide. If such an accident should oceur, the condenser tube must 
be cleaned by steaming to eliminate residual traces of mineral acid before the 
the distillation is repeated or the next determination begun. 

The precision of the method may be judged from the following estimates of 
VFA no. which were obtained by carrving out duplicate distillations on fourteen 
sera obtained by coagulating duplicate samples of seven latexes: 


Coagulation I Coagulation II 
Latex Dist. 1 Dist. 2 Dist. 1 Dist. 2 
A 0.232 0.230 0.190 0.191 
B 0.338 0.340 0.348 0.345 
» 0.215 0.208 0.188 0.212 
D 0.120 0.119 0.124 0.124 
E 0.157 0.157 0.157 0.159 
F 0.078 0.076 0.078 0.078 


0.017 0.017 0.020 0.022 
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A numerical estimate of the error of the determination is not quoted because 
it has been found to be markedly dependent on the level of the mean. For 
VFA nos. below 0.20, however, the total standard error of sampling, coagulation 
and distillation, expressed as a percentage of the mean, is of the order of 10 per 
cent. Since the error variance of the coagulation step exceeds that of the dis- 
tillation by a factor of about 10, precision is gained chiefly by replicating at the 
coagulation stage. An appropriate procedure for routine work is to carry out 
single distillations on sera prepared from duplicate or triplicate samples of the 
given latex. 


IDENTITY OF VOLATILE ACIDS IN LATEX 


Using the constant-volume distillation technique with acid serum from badly 
degraded latex, the observed titer ratio (t2o0/tso) after correcting for the pres- 
ence of formic acid (determined directly by reduction of mercuric chloride) was 
2.36. This ratio could not be obtained unless an acid with ratio greater than 
2.36 was present, and acetic acid (ratio 2.46) is the only such acid. The data 
provided no evidence as to the identity of acids with lower ratio which might 
be present, but it seemed reasonable to expect acetic acid to be accompanied 
by the next acid in the series, t.e., propionic acid (ratio 1.69) and possibly 
butyric acid (ratio 1.05). Since the observed ratio for the unknown mixture 
did not differ greatly from that of acetic acid, any acids higher in the series 
than acetic acid must be present in small amount. 

Additional evidence concerning the identity of the acids was obtained chro- 
matographically. Several liters of degraded latex serum were steam distilled 
and the distillate, neutralized with sodium hydroxide, was evaporated to dry- 
ness. The sodium salts of the mixed volatile acids were converted to the free 
acids and dissolved in chloroform. The solution was added to the top of a 
column composed of silica gel impregnated with bromocresol green as described 
by Elsdon®. The column was developed with a | per cent solution of butanol 
in cholroform. Separation into three bands occurred: the first band was eluted 
by 1 per cent butanol/chloroform and was taken to be either propionic or 
butyric acid. The second band (believed to be acetic acid) remained at the 
top of the column with | per cent butanol/chloroform, but was eluted with 5 
per cent butanol/chloroform. A third band remained at the top of the column 
and was taken to be formic acid. A synthetic mixture of formic, acetic and 
butyric acids which was run at the same time behaved in the same way as the 
unknown, except that the first band of the synthetic mixture (butyrie acid) 
moved more rapidly than the first band of the latex acids. It was, therefore, 
concluded that the latex volatile acids consisted of a mixture of formic, acetic, 
and propionic acids and this was subsequently confirmed by comparison with a 
prepared mixture of these acids. 

Typical values for the relative amounts of individual volatile acids in latex, 
estimated from constant volume distillation data, are shown in Table II. Al- 
though no great accuracy can be claimed for the percentage figures in the last 
three columns, acetic acid is clearly the main acid component and formie and 
propionic acids are usually present in relatively small amounts. 


SOURCE OF VOLATILE FATTY ACIDS IN LATEX 


Field observations have shown that volatile acids are not present in freshly 
tapped latex; it is, therefore, of interest to consider what chemical or biological 
processes lead to their formation. 
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TaBLe II 


Total VFA 


APPROXIMATE COMPOSITION OF VOLATILE Farry Acips IN LATEX 


duced. 


latex substances to produce acids. 


serum, glucose, or quebrachitol. 


surface. 


TABLE III 


FoRMATION OF VOLATILE. ACIDS IN INADEQUATELY PRESERVED LATEX 


(g. KOH/ Relative proportion (%) 
Ammonia Age of 100 g. A 
content latex to’ Formic Acetic Propionic 
Latex (%) (days) solids) acid acid acid 
H 0.7 7 0.15 ll 89 0 
I 0.7 26 0.16 8 92 0 
J 0.2 7 0.83 6 58 36 
K 0.2 7 Liz 6 84 10 
L 0.2 26 1.37 ll 76 


When Hevea latex flows from the tree it is invaded by microorganisms, which 
find ample nutrients for rapid proliferation in the proteins, lipins, carbohydrates, 
and mineral salts of the latex serum. Under normal conditions of tapping and 
collection the pH of the latex falls within a few hours from about 6.8 to about 
5.5, indicating a rapid accumulation of acids. If, however, latex is withdrawn 
from the tree aseptically and stored under rigorously sterile conditions, the pH 
retains its initial value for many weeks’. Similarly, if the freshly drawn latex 
is treated with a suitable bactericide, the rate of autoacidification is much re- 


It is clear that, whatever may be the precise nature of the changes that 
occur in latex after it leaves the tree, there is a rapid formation of acids due 
largely to the action of microorganisms. Bacteriological studies* have, in fact, 
shown that one organism (for which Corbet proposed the name Bacillus pan- 
dora) predominates in latex, and that this organism is capable of decomposing 


The principle substrates whose decomposition leads to the formation of 
volatile acids (distinct from acids of other classes also found in latex) are be- 
lieved to be the carbohydrates present in the serum. The basis of this view is 
the experimental observation that the rate of production of volatile acids is: 
(1) negligible in deammoniated latex from which serum substances have been 
removed by multiple creaming; (2) normal in the same latex reinforced with 
serum protein, and (3) much enhanced in the same latex reinforced with whole 


The volatile acids, once formed, remain wholly associated with the serum 
chiefly in the form of ammonium salts; consequently they can be eliminated by 
repeated dilution and re-concentration of the latex. In a typical instance three 
creamings eliminated over 95 per cent of the volatile acids, whereas the total 
acids (as estimated by KOH no.) were diminished by only 60 per cent, indicating 
that the nonvolatile acids include some that are absorbed at the rubber particle 


1 0.93 0.0056 0.02 0.89 


0.02 
5 0.39 2.10 0.0094 0.02 0.94 
0.58 2.93 0.0116 0.02 0.96 


Inadequately preserved Fully with 
with NH; 0.2% H3 0.7% 
A A. 
VFA No. KOH no. Conduc- VFA no. KOH no. Conduc- 
Age of ~ tivity r tivity 
latex g. KOH/100 g. g. KOH /100 g. 
(days) solids mho solids mho 


0.0060 
0.0067 
0.0067 


; 
| 
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TABLE IV 


INFLUENCE ON VFA No. or TIME oF ADDITION oF LATEX PRESERVATIVE 
Average results of four sets of experiments 


VFA no. of latex 


Preservative added, hours after tapping 7 after days 
1 5 50 
A,1.0% - - 0.02 0.03 
A,0.05% - A,0.95% 0.03 0.07 
_ A,0.05% A,0.95% 0.06 0.09 
A,1.0% 0.06 0.13 
F,0.05% - A,1.0% 0.04 0.06 
¥,0.05% A,1.0% 0.04 0.07 
$,0.05% _- A,1.0% 0.04 0.05 
F,0.05% A,1.0% 0.05 0.05 


= ammonia; F = formaldehyde; S = sodium pentachlorophenate. 


VFA NO. AS AN INDEX OF DECOMPOSITION 


The sensitivity of the test for indicating latex decomposition may be il- 
lustrated briefly by a typical example: an inadequately preserved field latex 
(NHs, 0.2 per cent) changed during eight days’ storage by a factor of 2 for 
electrical conductivity, 3 for KOH no. and 30 for VFA no., while the same latex 
adequately preserved (NHsz, 0.7 per cent) showed little change in these proper- 
ties (Table ITI). 


VOLATILE ACID FORMATION IN FIELD LATEX 


Four clonal latexes (Pil B84, Pil A44, Avros 152, BD 5), collected on the 
same day from adjacent plots, were found to accumulate volatile acids at sub- 
stantially the same rate, the mean VFA nos. 2,5,8 and 11 hours after tapping 
being, respectively, 0.01, 0.02, 0.05 and 0.11. In each of the four latexes 
spontaneous coagulation occurred when the VFA no. had attained the value 
0.08 + 0.01 and the pH was about 5.7. This rapid development of volatile 
acidity was, however, effectively arrested when preservatives were added to the 
latex at an early stage. Ina typical experiment, field preservatives were added 
either 1 hour or 5 hours after tapping, followed by ammonia (1.0 per cent) at 
the ninth hour after tapping. Table IV records the VFA nos. observed 10 and 
50 days after the preparation of the latexes. The practical implication of these 
results seems to be that early preservation is essential for the production of 
commercial latex of low VFA no. 


VOLATILE ACID CONTENT OF COMMERCIAL LATEX 


In Table V the volatile fatty acid contents of 143 commercial latexes of 
Malayan origin are set out in a group-frequency table. Though the sample is 


TABLE V 


VFA Yo. or 143 CommerciaAL CoNCENTRATES TESTED IN MALAYA 


VFA no. No. in group 
0.00 to 0.10 49 
0.11 to 0.20 55 
0.21 to 0.30 33 
0.31 to 0.40 6 


Total 143 
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not representative of Malayan production (being biased by the inclusion of an 
excessive number of low grade latexes), it serves to show that the range of VFA 
nos. that may be encountered in industrial practice is very wide. Experience 
so far suggests that a well preserved commercial concentrate, when received by 
the user, should have a‘*VFA no. not greater than 0.10; values much in excess of 
this figure generally indicate an inferior product, while VFA nos. as low as 0.03, 
which are sometimes encountered, are a sign of exceptional care in preparation. 

It is instructive to observe that the 143 Malayan latexes of Table V varied 
less in KOH no. (that is in total acid content) than in VFA no. It seems from 
Table VI that this is because the nonvolatile acids (estimated by the difference 
between KOH no. and VFA no.) are relatively invariable. This implies that 
the variability of KOH no. found among commercial latexes is determined more 
by differences in volatile acid content than by differences in nonvolatiles. If 
so, it would seem logical to assess the condition of preserved latex on the amount 
of volatile acids present rather than the estimate of total acids afforded by the 
KOH no. 


VOLATILE ACIDS AND PROCESSING QUALITY 


The behavior of ammonia-preserved latex in many manufacturing processes 
is well known to be influenced by the nature and amount of acidic substances 
present as ammonium salts or soaps. The work of Wren® showed that the 
viscosity changes of zine oxide compounded latex (7.e., the stability of latex 
towards zine oxide) are largely due to the presence in the latex of acids in the 
form of ammonium salts. These salts enable zinc to pass into solution, and to 
be adsorbed to the latex particles, thus giving rise to the thickening commonly 
experienced. Wren concluded from his studies that the variability of commer- 
cial latex is due, in part at least, to the presence of acidic substances, and may, 
therefore, be controlled by preventing the formation of acids or by their re- 
moval. About the same time Baker" drew a distinction between the ether- 
soluble acids, which are fairly constant for a given type of commercial latex, 
and the water-soluble acids, which vary considerably in amount. He quoted 
figures which indicated positive correlations between zine oxide stability and 
water-soluble acid content of a group of latexes. Recently Cassagne" com- 
pared the heat-coagulating power of a series of zinc ammonium complexes and 
showed that zinc ammonium formate and acetate (assumed to be formed in 
zine oxide compounded latex containing ammonium formate and acetate) are 
particularly strong latex coagulants. 

Since Baker’s water-soluble acids include acetic acid, the question naturally 
arises whether the observed large differences in volatile fatty acid (mainly 
acetic acid) content are reflected in the processing behavior of commercial latex. 
To this question there is at present no answer, because the determination of 


TaBLe VI 


VARIABILITY WITHIN A Group oF 143 LaTex CONCENTRATES 
Total solids 62 + 2.5% 
Standard Coeff. of 


Property Range Mean deviation variation 
KOH no. % 
VFA no. 0.33-1.08 0.66 0.16 22.5 

0.01-0.40 0.16 0.09 57.7 
KOH no. 0.30-0.69 0.49 0.07 15.1 


—VFA no. 


= 

2 
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VII 


Errect ON MECHANICAL StTaBILity TIME OF THE ADDITION OF 
AMMONIUM ACETATE TO 60 PER CENT LATEX CONCENTRATE 
Ammon. acetate added Mechanical stability time 

(equiv. VFA no.) (sec.) 

nil 1650 
0.047 1475 
0.093 1300 
0.186 1144 
0.280 906 


TaBLeE VIII 


Errect oN Zinc OxiwweE STABILITY OF THE ADDITION OF AMMONIUM 
AcEeTaTE TO 60 Per Cent Latex CoNCENTRATE 


60% Concentrate 
Ammon. acetate added 60% Concentrate Ammon. laurate 0.03% 
(equiv. VFA no.) (sec.) (sec.) 


nil 173 
0.047 142 
0.093 133 
0.186 127 
0.280 108 


Standard error = + 2.0 seconds 


Stability was measured by a test in which latex of 55 per cent total solids and 0.5 
+ 0.05 per cent ammonia content was allowed to stand for | hour in the presence of zine 
oxide (1 per cent by weight calculated on the total solids content) and then stirred at 
14,000 r.p.m. until coagulation. 


volatile acids is not yet common practice among latex users, and correlation of 
the VFA no. with technological quality has not been studied. Tests made ona 
high-grade concentrate ten days after the addition of ammonium acetate in 
varying amounts suggest that ammonium acetate, in concentrations in which 
it normally occurs in commercial latex, markedly depresses mechanical stability 
(Table VII). Parallel effects are observed in the stability of latex towards 
zine oxide (Table VIII). There is thus good reason to expect that volatile 
fatty acids in latex will be found to have a technological importance per se in 
addition to their importance as a diagnostic index of decomposition. 
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FACTORS AFFECTING THE STABILITY OF 
HEVEA LATEX. II * 


F. J. Pavon, J. D. PEEL, anp G. Sutrno 


Researcu Centre, Batana Mataka, SemBitan, MALAYA 


INTRODUCTION 


Soon after concentrated latex production was begun in Malaya, it was 
realized that certain clones yielded unstable latexes which tended to be trouble- 
some in the concentrating and manufacturing processes. The clone Glenshiels 
1 is a consistent yielder of unstable latex, and the instability described by Paton 
for G.1 concentrated latex in Johore! has now been found to be a characteristic 
of G.1 latex from Sumatra as well as from widely distributed areas in Malaya. 
For this reason G.1 latex presents itself as a suitable material for investigation 
of those factors influencing latex stability. 

Laboratory investigation of G.1 latex was instigated prior to the Japanese 
occupation, and some interesting observations were made. Paton' found that 
crepe rubber prepared from fresh untreated G.1 latex had an alcohol-soluble 
phosphorus content much less than normal. Since the War, further work with 
G.1 latex has done much to throw light on the problem of its instability. 

Following observations made in the Malayan estate laboratories, Madge, 
Collier and Peel* found the magnesium content of concentrate made from G.1 
latex to be unusually high in comparison with average concentrate. They 
demonstrated that the two most important abnormalities of G.1 latex could be 
corrected by addition of phosphate or pyrophosphate. Mechanical stability 
was greatly improved by phosphate treatment, which, combined with soap 
treatment, resulted in a concentrate with a stability approaching that of normal 
latex. Similarly the abnormal gelling properties of G.1 were corrected by 
phosphate. Using the technique of Madge and Pounder’, these investigators 
had found that G.1 concentrate gelled at an unusually high pH, yielding a soft 
and pasty gel. This would be unsuitable for the foam rubber process where a 
lower gelling pH resulting in a firmer gel is desirable, but after phosphate 
treatment it gelled normally. A further effect of phosphate treatment is to 
reduce the abnormally high viscosity of G.1 concentrate so that it approaches 
that of an average concentrate. Occasionally, however, it is without very 
much effect, an inconsistency which still needs explanation. 

From these observations it became apparent that the magnesium and 
phosphorus content of G.2 latex had an important bearing on its stability, and 
it was decided that an analytical study of the latex, beginning with fresh un- 
treated latex, would yield information of fundamental importance. For such 
investigations it is necessary to have a standard of normality. Therefore 
comparative analytical data were obtained for both G.1 latex and latex from a 
mixed seedling area known to yield latex of adequate stability. The investiga- 
tions took the following course: 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 28, No. 6, pages 310-321, 
December 1952. Pait I, by F. J. Paton, was published in the Transactions, Vol. 23, No. 2, pages 70-73 


August 1947. 
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(1) The analysis of G.1 and seedling latexes, both fresh and ammonia pre- 
served, in order to determine the magnesium and phosphate contents, 
their distribution between the rubber and aqueous phases, and the form 
in which the magnesium occurs. 

(2) Methods of improving the quality of G.1 latex based on the knowledge 
obtained by laboratory findings. 


MAGNESIUM AND PHOSPHORUS IN FRESH LATEXES 


If fresh latex be frozen for about a week and then allowed to thaw, a rubber- 
free serum can be expressed from the coagulum. When ammonia is added to 
such latex serum, there is an immediate precipitation of magnesium ammonium 


TABLE 1 


Ash content Mg. content Mg distribution in 
Dry parts per parts per 100 parts latex 
rubber 100 parts of 100 parts of r — 
content Parts in Parts with 
(%) Latex Serum Latex Serum serum rubber 


Seedling 35.5 0.49 0.54 0.014 0.014 0.009 0.005 
G.1 34.0 0.62 0.93 0.08 0.10 0.066 0.014 


phosphate. Addition of magnesia mixture to the ammoniated sera brings 
about a further precipitation with seedling, but not with G.1. Addition of 
ammonium phosphate solution to the ammoniated sera brings about further 
precipiation with G.1, but not with seedling. 

This experiment showed there was an excess of magnesium over available 
phosphate in G.1 serum so that magnesium persisted after the removal of the 
precipitate formed on ammoniation. This explains the high magnesium con- 
tent of G.1 concentrate. It was, therefore, of some interest to determine the 
magnesium and phosphate contents of the two latexes and also to obtain data 
as to their distribution between the serum and the rubber. 


TABLE 2 


Phosphorus, parts per 100 Phosphorus distribution in 
parts of 100 parts latex 


Parts with rubber 
Serum, Serum, 
Serum pptd. not pe. Latex Ale. sol. Parts in 
(A) (B) (C) (D) Total (BE) serum 


Seedling 0.076 0.054 0.012 0.076 0.027 0.008 0.049 
G.1 0.059 0.052 0.008 0.058 0.019 0.001 0.029 


Seedling and G.1 latexes were collected from tappers’ cups early in the day 
and immediately frozen for the preparation of sera. Analyses of magnesium 
of these sera and the original latexes made possible the calculation of the 
amounts of magnesium associated with the aqueous and rubber phases, the 
serum content being taken as 100 minus the dry rubber content. Results are 
given in Table 1. 

Table 2 gives results for phosphorus on the same samples. Figures (B) 
were obtained from the precipitates formed by addition of ammonia to the sera, 
and figures (C) from the filtrates after removing these precipitates. Figures 
(D) were obtained from air-dried latex films, and figures (IE) from the alcohol 
extract of the dried crepes prepared by formic acid coagulation of the latexes. 
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The phosphorus distribution figures were obtained in the same way as for 
magnesium. 

The analytical procedure adopted was a modification of that of van der 
Bie*. The latex films, sera, and precipitates were ashed in duplicate, and the 
magnesium or phosphorus separated quantitatively as magnesium ammonium 
phosphate. This was estimated colorimetrically by the molybdenum-blue- 
phosphate complex method described by van der Bie, but using ferrous sulfate 
instead of stannous chloride. This had been reported a more reliable reducing 
agent’. 

It can be seen that, whereas with seedling serum there is sufficient phosphate 
present to ensure complete precipitaion of magnesium, in G.1 serum there is 
insufficient. 


DISTRIBUTION OF MAGNESIUM IN AMMONIATED LATEXES 


In order to obtain data for ammoniated latex, portions of the latexes used 
in the above experiment were ammoniated and, after standing overnight, 
centrifuged free from sludge. The ammonia was then blown off and the last 


TABLE 3 


Magnesium distribution 


Magnesium, parts per 


100 parts of in 100 parts latex 
“Latex Serum Coagulum Serum Coagulum 
Seedling <0.001 <0.001 <0.001 <0.001 <0.001 
G.1 6.039 0.62 0.19 0.031 0.007 


trace neutralized by formaldehyde so as to give a pH of 7.0. The latexes were 
then frozen as before and the sera and coagula analyzed for magnesium. Table 
3 gives the results, which are the average of duplicate determinations. 

An alternative method of determining the distribution of magnesium was 
to cream the latex after desludging and to estimate the magnesium in the cream 
and serum. The creaming agent used was ammonium alginate, which con- 
tained calcium, and this factor affected the accuracy of the analyses when the 


TABLE 4 


Magnesium 


distribution in 
Total solids Magnesium, parts 100 parts latex 
content % per 100 parts of 
r A ~ r A -\ In the With the 
Latex Cream Serum Latex Cream Serum serum rubber 
Seedling 37.1 54.3 6.35 <0.001 <0.001 0.0015 0.001 <0.001 
G.1 38.6 509 7.2 0.033 0.037 0.050 0.029 0.007 


magnesium was relatively very small, for example, in desludged cream from 
seedling latex. From these data magnesium distribution was then calculated 
by simultaneous equations. The results given in Table 4 confirm those in 
Table 3. 

In seedling latex no appreciable quantity of magnesium was retained. With 
G.1 latex it can be seen that an appreciable quantity of magnesium remained in 
the latex after desludging, and that this was distributed between the serum and 
rubber in approximately the same proportion as in the unammoniated latex. 
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FORM IN WHICH MAGNESIUM OCCURS IN LATEX 


The nature of the mineral content of latex is well-known. The literature 
also gives some information on the dialysis of latex®. It was decided to apply 
similar methods to the investigation of the mineral content of G.1 latex. 

Fresh sera of seedling and G.1 latexes were dialyzed with cellophane 
membranes against ice-cold water in a refrigerator, the dialyzate being replaced 
with water several times over two or three days. Analyses showed that in 
each case about 90 per cent of the magnesium had dialyzed from the sera. 
This implies that nearly all the magnesium is present as soluble salts. Of the 
phosphorus in seedling serum about 80 per cent dialyzed and in G.1 serum 
about 60 per cent. 

It is interesting to speculate as to the form in which this dialyzable mag- 
nesium is present in latex. Serum prepared by freezing has a pH of 6.5. It 
contains potassium, sodium, magnesium, phosphate, and traces of sulfate and 
chloride. The dialyzate from seedling serum, when concentrated to the 
original volume of the serum, deposited well-defined crystals. On analysis, 
100 parts of these crystals, dried at 110° C, gave on ignition 59.5 parts of ash, 
the composition of which is given below. Figures for magnesium pyrophos- 
phate and trimagnesium orthophosphate are given for comparison. 


Meg POs 
Dialysis product 23.2% 55.3% 
21.6% 63.9% 
Mg;(PO,)2 28.6% 56.4% 


MgHP0O,, which is somewhat soluble, is known to yield insoluble Mg3;P0, 
on heating. It is, therefore, possible to account for the coexistence of magne- 
sium and phosphate in solution in latex serum. In G.1 latex it is necessary to 
suppose that only part of the magnesium is in combination with phosphate. 
While not advancing very much our knowledge of the form in which magnesium 

‘exists in the serum, this experiment is of value in that it presents an interesting 
problem. 


MINERAL COMPONENTS OF LATEX SERUM 


When acid latex is prepared from G.1 latex by the ordinary method of pour- 
ing the fresh latex into dilute hydrochloric acid, the pH of the resulting mixture 
is somewhat higher than the pH of a similar mixture made from seedling latex. 
This is consistent with the high magnesium/phosphate ratio. Figure 1 illu- 
strates this and shows the course of potentiometric titrations of the acid latexes 
with KOH. 

A complete analysis of the mineral contents of frozen sera was now attempted, 
and the results are tabulated below. MgO, CaO, and P20; were all determined 
according to the modified method of van der Bie?. K,O and Na.O were 
determined as the chlorides and K,O separately as the chloroplatinate. The 
Na.O was calculated by difference. CO: was determined by liberation with 
dilute acid and absorption in baryta water. 

SO; and Cl had been determined by standard methods on other samples, 
and these amounts had always proved to be very small. These values were 
assumed here for the purpose of argument. 

The pH of G.1 latex serum does not differ from that of seedling latex serum. 
To account for this, it is necessary to assume that some part of the bases are in 
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combination with organic acids in the serum and an attempt to obtain further 
evidence for the existence of these was made in the following experiment. 


ORGANIC ACID CONTENT IN G.1 AND SEEDLING SERA 


The sera were first concentrated almost to dryness, and the presumed organic 
acid present was then liberated by acidification with dilute HCl. Insoluble 
matter was removed by filtration. The filtrates were evaporated to dryness 
and the residues extracted with 94 per cent alcohol. The extracts were titrated 
against standard dilute alkali and the titrations followed conductometrically, 
as shown in Figure 2. A conductometric titration of acetic acid is also given 
as a comparison (Figure 3). 

The initial drop in conductivity is due to neutralization of the slight amount 
of residual HCl. The initial rise from the minimum represents the salt line of 
the weak organic acid, and the final sharp rise results from the excess KOH. 


50 
02N KOH 


Fic. 1.—Potentiometric titration of acid latex with KOH. G.1: 50 ee. fresh field latex + 50 ce. 
0.2 N HCl solution. Seedling: 50 ce. fresh field latex + 50 ec. 0.2 N HCI solution. 


From the graphs the organic acid content of G.1 serum is 11 milliequivalents, 
which is in good agreement with the difference between the estimated basic and 
acidic groups given in Table 5. The significant amount of organic acid found 
in seedling serum is in accord with the small difference between basic and acidic 
groups shown in Table 5. 

The nature of the organic acid (or acids) has not been established. Initial 
attempts to isolate the calcium salt(s) were unsuccessful, but compounds which 
are probably salts have now been prepared by the authors from G.1 latex. 

It seemed possible that magnesium and phosphoric acid were in some form 
of combination with quebrachitol, forming a compound analogous to phytin. 
However, a crude preparation of quebrachitol from serum of fresh frozen G.1 
latex was found to contain only a trace of magnesium and not more than 0.2 
per cent of phosphorus. No pure fraction of quebrachitol containing mag- 
nesium or phosphorus could be isolated. 
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Conductivity(MHOS x 10-7) 
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Fig. 2,--Conductimetric titration of acidified alcohol extract of 10 cc. serum v. 0.2 N KOH. 


METHODS OF IMPROVING THE QUALITY OF G.1 CONCENTRATE 
TREATMENT WITH AMMONIUM PHOSPHATE 


Samples of G.1 latex containing 0.3 per cent ammonia and 0.1 per cent 
ammonium oleate were treated with quantities of ammonium phosphate vary- 
ing from 0.1 to 0.5 per cent on the latex. After standing for 16 hours, these 
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Fia. 3.—Conductimetric titration of acetic and hydrochloric acids v. 0.2 N KOH. 
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TaBLe 5 
G.1 Seedling 


Milliequi- Milliequi- 

G./100 valents/100 G./100 valents/100 
ec. serum ec. serum ec. serum cc, serum 


r 


| 


Total cationic content 


PO;(HPO,”) 
Cl 


| 
| 


Total anionic content 


were centrifuged on a De Laval latex concentrator to give samples of 60 per 
cent concentrate, which were ammoniated to 0.6 per cent. 

The samples were tested 8 and 40 days after manufacture for mechanical 
stability, gelling properties, and viscosity. The mechanical stabilities are 
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Mechanical stability (seconds) 


4 6 
Weeks 


Fie. 4.—Increase inimechanical stability with time. 
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a MgO 0.110 5.4 0.023 
i CaO 0.007 0.3 0.007 
2 K,O 0.280 6.0 0.306 
3 NaO 0.130 4.2 0.025 
15.9 
2 0.100 2.8 0.195 
= 0.025 0.6 0.025 
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given in Figure 4, being determined with the apparatus and method described 
by Madge, Collier and Duckworth*. The gelling properties were determined 
by the method of Madge and Pounder’ and viscosities by the proposed A.S.T.M. 
method®. The latter are shown in Table 6, and it can be seen that the gelling 
properties of G.1 concentrate approached that of the bulk concentrate when 
the addition of ammonium phosphate was 0.4 per cent. 

Figure 4 shows clearly the increase of the mechanical stabilities of the 
samples with time of storage over 9 weeks. It can be seen that the stability 
approached a maximum when the phosphate added was 0.4 per cent and that 


TABLE 6 


Gelling properties after 8 days 


Viscosity 
Diammonium after 60 Sodium 
phosphate days’ silico- 
on field storage fluoride Gelling 
latex (eps at 25° C, dispersion time Gelling 
(%) 60% T.S.) (ec.) (min.) pH Remarks 

0.0 52.23 0.5 64 10.18 Thickened to un- 
stable semisolid 
gel. 

0.1 63.29 10.25 Thickened to un- 
stable semisolid 
gel. 

36.56 34 10.32 Thickened to un- 
stable semisolid 
gel. 

37.59 33 10.20 Thickened to un- 
stable semisolid 
gel. 

34.27 3. As above, gelling 
commenced on 
surface. 

0.4 30.40 4, Gelling point dis- 
tinct. Gel did not 

harden. 
7. O05 35.30 ‘ 8.7: As above. Gel hard- 
ened. 

Bulk shipment 4. 33 Gelling point dis- 
tinct. Gel hard- 
ened. 

Gelling properties after 40 days 
). 10.1 Weak gel. 
0. 10.25 Weak gel. 

3. 8.4 Weak gel. 

4.75 8.6 Firm gel. 

the rate of increase in stability was higher with the samples to which most 

phosphate had been added. 


INTERCHANGING THE SERUM WITH SEEDLING SERUM 


If the abnormality of G.1 latex could be ascribed to its magnesium /phos- 
phate balance, it was to be expected that interchange of the serum with a more 
normal serum, e.g., seedling serum, would result in a considerable improvement 
in the stability of the latex, since this would lead to a removal of part of the 
magnesium and give better particle stability. The exchange of serum was 
made in the following manner. G.1 latex was first concentrated to 60 per cent 
by centrifuging. The concentrate so formed was then diluted with an equal bulk 


a 
: 


438 RUBBER CHEMISTRY AND TECHNOLOGY 


of the skim fraction obtained by centrifuging bulk latex from seedling sources, 
and the mixture centrifuged. The resulting concentrate was again mixed 
with an equal bulk of seedling skim and once more concentrated to 60 per cent. 
In this way, about 90 per cent of the serum was interchanged. A similar ex- 
periment was made starting with concentrate from seedling latex and inter- 
changing with skim resulting from the concentration of G.1 latex. 


TABLE 7 


Mech. / 
stability . Gelling Type 
Latex 8. (sec.) > pH of gel 
. G.l_ concentrate + oleic Very 
acid (0.1% on field latex) F 140 : y 9.8 weak 
. Seedling concentrate + 
lauric acid (0.1% on filed 
latex) > 1800 F 7.8 Firm 
3. G.1 concentrate with 
interchanged seedling 
serum Firm 
. Seedling concentrate with 
interchanged G.1 serum Very 
weak 
* A.S.T.M. Specification D1076-49T. 


Table 7 summarizes the properties of the four concentrates tested after 30 
days. 

It can be seen that the interchange of serum led to an increase in stability 
and improved gelling characteristics. Latex (3) resembled latex (2) closely, 
whereas the abnormal properties of G.1 were transferred to the seedling con- 
centrate with the G.1 serum, latex (4). 


TABLE 8 


Mech. 


(eps at 25 stability Gelling Type of 
Treatment 60% T.S.) pH gel 

Control—Nil 66.1 10.0 Very weak 
. Diluted 1:1 with water 

and centrifuged 46.1 9.9 Very weak 
. As 1, with addition of 

0.4% ammonium laurate 

to the dilution water 9.9 Very weak 
. Diluted 1:1 with seedling 

serum and_ centrifuged. 

Concentrate diluted 1:1 

with seedling serum and 

centrifuged 
. As 3, with addition of am- 

monium laurate to the 

seedling serum on the first 

dilution only 43.5 <1800 8.3 Very firm 


Table 8 shows the effect of various treatments on G.1 concentrate. 

It is to be noted that, although some increase in stability and decrease of 
viscosity result by replacing G.1 serum with water, the gelling properties only 
approach normality when the serum is replaced by seedling serum. This sug- 
gests that the gelling properties are determined by the conditions at the inter- 
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face, which are not modified by dilution of the serum with water as much as 
by serum interchange. This could be explained on the assumption that 
magnesium compounds adsorbed on the latex particles interacted with the free 
phosphate in the seedling serum. 


YELLOW FRACTION OF G.1l LATEX 


When fresh latex is centrifuged, it is known to separate into two layers. 
The first published account of this phenomenon was given by de Haan and van 
Gils". The heavier layer, which may be 10 to 20 per cent of the original 
volume of the latex, is usually referred to as yellow fraction, the upper layer 
being known as white fraction. 

Yellow fraction is composed largely of a viscous protein phase, with a very 
high magnesium content. This magnesium, on ammoniation, is partly pre- 
cipitated as sludge. It is of interest to. record here that G.1 latex yields a 
greater volume of yellow fraction than is obtained, under the same conditions, 


TABLE 9 


First experiment Second experiment 
A. 


G.1 white G.1 white 
fraction fraction 
G.1 control concen- G.1 control concen- 
concentrate trate concentrate trate 


Spec. conductivity (mhos X 
10- at 30° C) 5.50 5.07 4.64 4.31 
(g. KOH/100 g. 


: 0.67 0.60 0.56 0.49 
Viscosity (eps. at 25° C., and 
60% TS) 62 42 Very high 42 

Mechanical stability (seconds) 58 80 Too un- 186 
stable for 
test 

Gelling pH 9.9 8.1 Too un- 10.0 
stable for 
test 

Type of gel Very weak Weak Soft 


from other latexes. It seemed likely that considerable modification of the 
properties of G.1 concentrate would result if it were made from white-fraction 
latex only. 

White-fraction G.1 concentrate was prepared by the following method. 
The pH of the field latex was adjusted to 7.5 to 8.0 with ammonia before cen- 
trifuging in a small De Laval machine, running at half the normal speed. The 
machine was so adjusted that the bulk of the heavier yellow fraction was 
eliminated with the skim. White-fraction latex issuing from the cream outlet 
was collected, ammoniated, and concentrated in the ordinary way. At the 
same time a portion of the original field latex was ammoniated and concentrated 
directly to furnish a control sample. The comparative data on the month old 
samples are shown in Table 9. 

It can. be seen that the gelling properties were improved and there was some 
improvement in stability. The viscosity of the concentrate was considerably 
reduced. 

In a second experiment at a later date, the latex was so unstable that it was 
necessary to stabilize with 0.1 per cent ammonium laurate before centrifuging. 
Despite the presence of the stabilizer, the concentrate produced as a control 
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was so unstable that very few tests could be carried out, even gentle stirring 
causing coagulation. The white fraction, however, was much more stable. 
The comparative test results are given in Table 9. 

It appears that, while removal of the yellow fraction improves the quality 
of G.1 latex concentrate to some extent, it still remains abnormal. 

The work described offers some explanation for the instability of one clonal 
latex, and the conclusions reached may have value in relations to other latexes. 
However, it has been found that some clones yield a latex, the instability of 
which is not affected by phosphate treatment. Such latexes behave normally 
on the addition of stabilizers such as ammonium soaps, so the instability can be 
ascribed to a deficiency in natural stabilizers, probably lipins. They do not, as 
a rule, like G.1 latex, show abnormal gelling properties. These are not directly 
related to mechanical stability, but would seem from the evidence to be associ- 
ated with the presence of magnesium. The writers have studied the effect of 
traces of magnesium soaps on the gelling of latex, and the results obtained, 
which are not yet published, appear to confirm this view. 

Compared with other clonal latexes, the total phosphorus content of G.1 
is not remarkably low. In stoichiometric relation to the magnesium content, 
however, there is a deficiency. The fact that the lipin content is low also is 
very suggestive and it is possible that the abnormal magnesium phosphorus 
balance influences the synthesis of lipin. 

The authors wish to acknowledge the helpful suggestions made in the course 
of this work by E. A. Murphy and E. W. Madge of the Dunlop Rubber Co., 
Ltd. Appreciation is also expressed to Dunlop Malayan Estates, Ltd., for 
permission to publish this paper. 


SUMMARY 


Latex from clone Glenshiels 1 (G.1) is always unstable. It contains in- 
sufficient phosphate to precipitate its magnesium on ammoniation. After 
centrifuging, magnesium remains in the concentrated latex and is partly re- 
sponsible for its abnormal properties, especially for its low mechanical stability 
and abnormal gelling characteristics. The properties are improved by the 
addition of phosphates before processing. 

The concentration of magnesium on the rubber phase is such that in 60 per 
cent d.r.c. latex one-third of the magnesium is associated with the rubber 
particles. By almost completely interchanging the serum of G.1 concentrate 
with that of a seedling latex, a marked improvement in stability and gelling 
characteristics is brought about. In preliminary experiments, concentrate 
prepared from G.1 white fraction showed less abnormality than concentrate 
from the whole latex. 


REFERENCES 


1 Paton, Trans. Inst. Rubber Ind. 23, 70 (1947). 

2 Madge, Collier, and Peel, Trans. Inst. Rubber Ind. 26, 305 (1950). 

* Madge and Pounder, Trans. Inst. Rubber Ind. 24, 94 (1947). 

* Van der Bie, India-Rubber J. 113, 499 (1947). 

Dunlop themical Rese arc +h Division, private communication, 1951. 

6 Dawson and Porritt, “Rubber: Physic al and Chemical Properties”, Research Association of British 
Rubber Manufacturers, Croydon, 1935. 

7 Van der Bie, India-Rubber J. 113, 499 (1947); Dunlop Chemical Research Division, private communica- 
tion, 1951. 

5 Madge, Collier, and Duckworth, Trans. Inst. Rubber Ind. 28, 15 (1952). 

* American Society for Testing Materials, proposed specification D 1076-49T. 

© Homans and van Gils, Proc. 2nd Rubber Technol. Conf. London, 1948, p 292. 


i 
= 
mg 


ELECTRON MICROSCOPY OF RUBBER GLOBULES 
IN HEVEA LATEX * 


M. VAN DEN TEMPEL 
Researcn DepartTMent, Dever, 


INTRODUCTION 


In a previous paper! it was shown that the particle-size distribution of rub- 

ber globules in Hevea latex, as obtained by means of ultraviolet microscopy’, 
can be used to calculate a volume-average particle diameter. This diameter 
had also been determined by counting the number of particles visible in an 
ultramicroscope*. From the correspondence of the results obtained by these 
independent methods, it was concluded that the number of particles smaller 
than 0.12 micron could be neglected. 

Meanwhile, it has been found that the smallest particle visible in the ultra- 
microscope as used by van Gils* had a diameter of about 0.15 microns. This 
ultramicroscope consisted of an ordinary light microscope fitted with a dark 
field condenser. The amount of light scattered by a submicroscopic particle 
in this apparatus is less than that obtainable in an ultramicroscope of the 
Zsigmondy-type. Moreover, the scattering power of a very small rubber 
globule is much less than that of a metallic particle of the same dimensions. 
It is not surprising, therefore, that the limit of visibility in this ultramicroscope 
was not as low as 0.03 micron, as had been assumed previously. 

It appears that the agreement between the results obtained by means of 
ultramethods has to be attributed to the accidental circumstance that the limit 
of visibility had in both cases about the same value. A considerable number 
of very small particles may have escaped detection in both methods. 

The use of the electron microscope to measure very small rubber globules 
became possible after the brominating process introduced by Brown‘ had 
eliminated the difficulty encountered in prior investigations, consisting in the 
flattening of particles on the support. Schmidt and Kelsey’, using this method, 
record the existence of a considerable number of particles having diameters 
down to 0.08 micron. It appeared desirable to investigate whether these very 
small particles make a substantial contribution to the number of particles, and 
to the interfacial area. 

METHOD 


Several samples of both concentrated and unconcentrated latexes were in- 
vestigated using the technique described by Schmidt and Kelsey®. The 
electron microscope of the Physical Technical Service at the Technical Uni- 
versity, Delft, was used. The value of its magnification was stated to be 
accurate to within about 5 per cent, which was considered sufficient for the 
present purpose. The magnification had been checked with a sample of the 
polystyrene latex No. 580 G, supplied by the Dow Chemical Company. 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 28, No. 6, pages 303- 
309, December 1952. 
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The diameters of all particles in several photographs were measured, and 
corrected for the 10 per cent increase caused by the brominating process. 
Volume and surface average diameters were calculated by considering groups 
of particles having a diameter in intervals increasing from 0—0.045 yu, 0.045- 
0.09 yw, etc. A mean diameter was assigned to all particles in each size-group, 
and the volumes and respective surface areas summarized over all the size- 
groups present. 


RESULTS AND DISCUSSION 


Unconcentrated later.—A representative example of a picture obtained by 
electron microscopy of brominated rubber globules is shown in Figure 1. The 


Fic, 1.—Typical electron micrograph of rubber particles in unconcentrated latex. 


white circles which can be seen in the photograph represent weak spots in the 
supporting film. The latex (sample 1) used in preparing this micrograph was 
2 weeks old, and had been obtained through the courtesy of the INIRO at 
Bogor, Java, from the experimental estate Tjiomas, being despatched by air 
immediately after ammoniating. This comparatively fresh, unconcentrated 
latex contains particles in the size-range from about 0.05 to 1.1 micron diam- 
eter, which particles are all practically spherical. All samples of Hevea latex 
investigated showed the same general appearance, apart from slight differences 
in the shape of the size-frequency distribution curve, which could only be de- 
tected after actual measurement of a sufficient number of particles. 
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This same sample of latex was also investigated one month later; no signifi- 
cant difference could be detected between the results of the measurements on 
the two-weeks and on the six-weeks old sample. 

Two other samples of unconcentrated latex were investigated both from 
estates at Sumatra. Sample 2 was about 2 years old. Sample 3 was a latex 
which is normally used as a starting material for producing centrifuged latex 
and was several months old. The particle size distributions of these various 
samples, obtained from the electron micrographs, differed only to an extent 


100 


curve | Unconcentrated 


4 Centrifuged 


8 Creamed Latex 


O02 04 O6 0.8 
—— Diameter (microns) 


Vig. 2.-—Cumulative size distribution curves of various kinds of Hevea latex. 


which was negligible compared with the experimental error with which these 
distributions can be determined. 

The cumulative size distribution of this kind of latex, shown in Figure 2 and 
Table 1, represents an average of the three samples investigated, and was ob- 
tained by measurement of altogether 6014 particles. The maximum in the 
frequency distribution curve lies at a diameter of about 0.07 micron. Less 
than 4 per cent of the particles are larger than 0.4 micron, and this is the 
fraction which can be observed in an ordinary microscope. The ultraviolet 
microscope used by Lucas* enabled particles larger than 0.12 micron to be 
observed, these representing about 30 per cent of the particles present in an 
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unconcentrated latex. The use of microscopic methods in determining the 
size-frequency distribution of latex particles often revealed considerable 
differences between samples of varying origin®. It is suggested that these 
differences, if they are not caused by slight differences in the resolving power of 
the microscope in the various determinations, must be confined to that part 
of the distribution curve which represents the frequency of the largest particles. 

Centrifuged later —Two samples of centrifuged latex were available, No. 4 
being a commercial centrifuged latex about 1 year old, and No. 5 the centrifuged 
concentrate obtained from latex No. 3. The concentration had been carried 
out on the estate and the skim obtained; this, having originally a DRC of 8.5 
per cent, had been concentrated to a DRC of 30.4 per cent by creaming before 
shipment to Europe (Sample 6). Moreover, a white fraction latex (Sample 7) 
was available, obtained by the INIRO from a latex similar to Sample L. 


TABLE 1 


CuMULATIVE Size DistrRiBUTION OF RuBBER ParTICLES IN HevEA LATEX 
No. of sample and kind of latex 


4 5 6 7 


Upper size Centrif. Centrif. Centrif. White 
(microns) Uncone. cream cream skim fraction Creamed 


1-3 8 


0.045 28.8 — 17 
0.09 69.0 41.5 40 70 oa 57 
0.18 87.5 71.5 66 95 83 7 
0.27 93.3 86.5 85 99 — 87 
0.36 95.4 92 90 99.5 96 91 
0.45 97.0 94 93 100 _ 93 
0.54 97.6 96 95 98 95 
0.63 98.4 97.5 98 — 96 
0.72 98.9 98 98.5 99 97.5 
0.81 99.1 99 99.5 —_ 98.8 
0.90 99.5 100 100 _ 99.1 
0.99 99.6 — 99.3 
1.08 99.75 100 99.8 
1.17 99.9 
1.26 100.0 99.9 
1.35 100.0 
Total no. of 
particles 
measured 6014 741 543 1149 1146 1107 


A slight difference exists between the size-distribution curves of Samples 
4 and 5, Table 1 shows that Sample 4 contains more small particles than No. 5. 
This is what might be expected when it is assumed that both concentrates were 
obtained from latexes having approximately identical distribution curves, since 
the skim produced in concentrating latex No. 3 contains slightly more rubber 
than a centrifuge skim has in general. The absence of particles larger than 
0.45 micron in the skim is remarkable; centrifuging appears to be an effective 
method of obtaining a latex containing only the smaller particles. On the 
other hand, the very high concentration of particles, having diameters between 
0.05 and 0.15 micron which is present in the original latex is only slightly 
diminished by concentrating. 

Separation of the yellow fraction of latex No.1 by means of centrifuging at 
neutral pH involves the removal of only a very small part of the small particles ; 
the size distribution of Sample 7 hardly differs from that of the original latex. 
Creamed latex.—Only one sample of creamed latex (No. 8), obtained com- 


= 
» 
2 
4 
? 


ELECTRON MICROSCOPY OF LATEX GLOBULES 445 


mercially and at least 2 years old, was investigated. Its size-distribution lies 
between that of an unconcentrated latex and that of a centrifuged concentrate, 
showing that the DRC of the skim had been very low. 

Particle concentration and surface area.—Unfortunately calculation of the 
number of particles and of the average diameters is made inaccurate by the 
predominating influence of the very large particles, the number of which is too 
small in these photographs to obtain a statistically significant mean. This 
may be illustrated by considering the influence of the addition of one large 
particle to the 6014 which have been measured in the case of unconcentrated 
latex. The largest particle found in this latex had a diameter of 1.26 microns; 
in another investigation a particle with a diameter of 1.62 microns was found. 
Addition of this particle to the total of 6014 decreases the calculated particle 
concentration from 1.25 X 10" to 1.09 X 10" per cc. of rubber, and the inter- 
facial area from 11.5 to 9.5 sq. m. per ce. of rubber. This effect of the addition 
of one large particle is caused by the fact that its volume is 22 per cent of the 
total volume of all other particles together. 


per cent additive mass 
resp. surface area 


uncone 
latex 


10 
Diameter (microns) 


Fig. 3.—Contribution of smaller particles to total volume and surface area. 


These values for the interfacial area are much higher than has been assumed 
previously', and compare very well with those obtained by means of the 
method introduced by Cockbain’. In the case of the concentrated latexes the 
number of particles measured, especially in the range of the larger sizes, is in- 
sufficient to allow a calculation of significant values for the total interface and 
the particle concentration. 

The distribution of surface area and volume over the various sizes is shown 
in Figure 3, which is inaccurate in the range of the larger particles sizes. In 
the case of unconcentrated latex, a large contribution to the interfacial area 
comes from the particles having a diameter of about 0.1 micron. In a creamed 
concentrate, however, the contribution of these particles is no longer significant. 
It is interesting to observe that in an unconcentrated latex the 4 per cent of the 
particles visible in an ordinary microscope contain 85 per cent of the rubber. 
This may be compared with GR-S latex, which may have the maximum in the 
size-frequency distribution curve at about 0.05 micron, and contains only a 
negligible number of particles larger than 0.1 micron. In this case nearly 100 
per cent of the rubber is contained in particles smaller than 0.1 micron. 
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The calculation of average diameters, and thus of the total interfacial area 
and the particle concentration, from the limited amount of data available, 
would have been possible if an analytical expression were known which 
describes the size-frequency distribution with sufficient accuracy. Such an 
expression, however, has not been found. The function of Dobrowsky, which 
has been used previously to describe the size distribution of rubber particles in 
Hevea latex', appears to be unsuitable to represent the curves resulting from 
the present investigation. 

The very long tail in the distribution curve for Hevea latex in the range of 
the large particle sizes, can probably be explained by assuming that the large 
particles have originated from the smaller ones by coalescence. If this were 
true, it appears that this particle growth occurs in the tree, or perhaps during 
and immediately after tapping, as a latex two weeks after tapping already con- 
tains the usual number of large particles. 

The composition of the small particles was investigated by analyzing the 
dried film obtained from the skim after removal of the larger particles by re- 
peated fractional creaming*. In this skim, no particle larger than 0.18 micron 
was found. The dried film contained 7.4 per cent of acetone-extractable ma- 
terial and, after extraction, 0.65 per cent of nitrogen. It may be assumed that 
the remaining 88 per cent of the dried film consists of rubber. 
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SUMMARY 


The particle size distribution of the rubber globules in Hevea latex has been 
studied by means of electron microscopy. Most of the particles, even in con- 
centrated latex, are less than 0.2 micron in diameter and are, consequently, not 
visible in the light microscope. These small particles have considerable in- 
fluence on the specific interface, but they contain only a few per cent of the 
rubber present. 
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CHROMATOGRAPHY OF RUBBER ACCELERATORS 
AND ANTIOXIDANTS ON SILICA GEL * 


C. A. PARKER 


MarertaLts Lasporatory, Hotton Heats, Pooie, Dorset, ENGLAND 


The chromatographic separation on alumina columns of certain components 
from the acetone extracts of vuleanized rubbers has been reported by Bellamy 
and coworkers! and by Mann’. As an adsorbent for such materials, alumina 
suffers from certain disadvantages, in particular, its tendency to favor chemical 
change in labile adsorbates. The successful use of silica gel/Celite for the 
chromatographic separation of a variety of ingredients from propellants and 
high explosives’ suggested that this adsorbent might prove equally useful for 
the separation of the ingredients of vuleanized rubbers, and this has, in fact, 
been borne out by recent work in this laboratory. The procedure adopted for 
the qualitative examination of a rubber extract is as follows. A number of 
separate portions of the extract (each equivalent to 0.2-0.4 gram of the rubber) 
are chromatographed on columns of 1 cm. diameter, using a series of different 
binary solvent mixtures as developers. When the extruded columns have been 
streaked with appropriate reagents, the positions of the zones, together with 
the colors of the streaks, give a reasonably unambiguous identification, which 
can be further confirmed by ultraviolet absorption measurements. 


TABLE 


Compound Streak reagent Developing solvents 


Diphenylguanidine 30 per cent w/v sodium 25 cc. of 20 per cent ethy] 
Triphenylguanidine hypochlorite solution in light petro- 
eum 
Thiocarbanilide 
Tetramethyltweunty 
monosulfide 5 per cent w/v aqueous 
Tetramethylthiuram CuS0O,-5H,O 25 cc. of 1.5 per cent ethyl 


disulfide 


acetate in benzene 


Mercaptobenzothiazole 


5 per cent w/v Bi(NOs)s in 
0.5 N nitric acid 


Tetraethylthiuram 5 per cent w/v aqueous 25 cc. of 2 per cent 
disulfide CuSO,:5H,0 ethyl acetate in carbon 
tetrachloride 


Benzothiazoly] 


5 per cent w/v SNCI],-2H,0 


' disulfide in 2.5 N hydrochloric acid, 
2 Benzothiazoly] followed by 5 N sodium 25 ce. of benzene 
N’-cyclohexy] acetate, followed by 5 per 
sulfenamide cent w/v Bi(NOs); in 0.5 N 


nitric acid. 


Pheny!-8-naphthyl- per cent w/v (NH,)CO; 
amine in 60 per cent sulfuric 
Phenyl-a-naphthy|- acid 

amine 


25 ce. of 1 per cent ethyl 
ether in light petroleum 


* Reprinted from Nature, Vol. 170, No. 4326, pages 539-40, September 27, 1952. 
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Using this method, it is possible to distinguish between the compounds 
named in the table, even when present in admixture with one another and with 
other normal compounding ingredients, including pine tar. In most cases 
quantities as small as 0.05 mg. can be detected on a column of | cm. diameter. 

The same developers can be used for the detection of other accelerators and 
antioxidants, although complete separation from all other compounds cannot 
always be attained with a single chromatographic treatment. Thus it has 
been possible to detect m-toluylenediamine, sym-diphenyl-p-phenylenediamine, 
sym-dinaphthyl-p-phenylenediamine, and some complex commercial materials 
containing, for example, aldehyde-amine condensation products or polymerized 
dihyhydroquinoline derivatives. The separation of more closely related com- 
pounds can also be attained. For example, derivatives of dimethyl-, diethyl-, 
and dibutyldithiocarbamates can readily be distinguished from one another by 
chromatographing the brown copper complexes. 

With minor modification, some of the methods can be adapted for quanti- 
tative determination. Good recovery of adsorbates has been obtained with 
the particular silica gel adsorbent in use. In this connection, Bloomfield‘ has 
suggested that alumina may cause decomposition of labile accelerators during 
chromatography, and that such products may be mistaken for transformation 
products of the accelerator produced during the vulcanization process. Mann? 
has, in fact, observed the decomposition of benzothiazoly] disulfide to mereap- 
tobenzothiazole on alumina columns. In contrast, I have found that benzo- 
thiazoly! disulfide can be chromatographed unchanged on our silica gel columns. 
Nevertheless, I have identified both mercaptobenzothiazole and benzothiazoly] 
disulfide in the extracts of rubbers accelerated with either; this is in agreement 


with the findings of Dufraisse and Houpillart®. I have also observed mercapto- 
benzothiazole in the extract of a rubber accelerated with benzothiazoly! 
N’-cyclohexyl sulfenamide. However, considerable care is required in the 
interpretation of the chromatograms, as there is evidence that labile accelera- 
tors can undergo further transformation during the process of acetone extrac- 
tion of the rubber. This investigation is continuing and will be reported in 
detail elsewhere. 
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CHROMATOGRAPHIC ANALYSIS OF VULCANIZED 
RUBBERS 


SOME RAPID METHODS FOR THE DETECTION OF CERTAIN 
ACCELERATORS AND ANTIOXIDANTS * 


C. A. PARKER AND Joyce M. BEeRRIMAN 


ADMIRALTY MarerRIALs Lasporatory, Hearn, Pooie, Dorset, ENGLAND 
INTRODUCTION 


For many years the identification of accelerators and antioxidants, either 
alone or in vuleanized rubbers, has been made largely by the application of 
color reactions to a solvent extract of the rubber, and numerous papers are 
available giving new or modified colorimetric reagents for these compounds'. 
In general, such methods suffer from the disadvantage that most of the color 
reactions are not entirely specific and at best give an indication of the type of 
compound present. In addition, the test may be masked by the presence of 
other colored compounds in the extract. The interpretation of the color ob- 
tained may be particularly difficult when two or more compounds are present 
which give color reactions with the reagent concerned. Only in certain cases 
have color reactions been applied to the determination of accelerators and anti- 
oxidants. 

Gravimetric or volumetric methods have from time to time been developed 
for particular types of compound?. Such methods are satisfactory when com- 
paratively large proportionsof the compound are present. In complex mixtures, 
however, interference by other compounds may be serious, and in vuleanizates 
containing large quantities of unknown accelerator transformation products, 
chemical treatments should be kept to a minimum because of the possibility of 
further unpredictable transformations taking place during the analysis. 

More recently a number of workers have made use of ultraviolet absorption 
spectroscopy for the identification and estimation of compounding ingredients. 
Dufraisse and coworkers and Jarrijon® have used this technique to determine 
the content of aromatic amine antioxidants and to follow the transformation of 
certain accelerators during vulcanization. Banes and coworkers employed 
absorption measurements for the determination of inhibitors in polymers, and 
studied the oxidation products of phenyl-8-naphthylamine*. They appreciated 
the main difficulty in the direct application of absorptiometry to the mixture, 
namely, the correct allowance of the background absorption due to other ma- 
terials present. When the proportion of accelerator or antioxidant is small 
compared with the other components of the rubber, or when the other compon- 
ents absorb very strongly, even qualitative analysis of the extract by direct 
absorption measurement may be impossible. On the other hand, mixtures of 
only two compounds showing well defined and widely separated absorption 
maxima can, of course, be analyzed directly, and this method has been employed 
by Kress® for the analysis of two-component accelerator stocks. 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 28, No. 6, pages 279-296, 
December 1952. 
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The application of polarography to the analysis of some rubber compound- 
ing ingredients, including some accelerators, has been described by Proske®. 
Like all the other methods of detection and determination of accelerators, it 
cannot generally be applied to complex mixtures without preliminary separa- 
tion. 

A comprehensive system of analysis of vulcanized rubbers clearly requires 
an efficient method for the separation of the components of the complex mixture 
prior to the application of color reactions, ultraviolet spectroscopy or other 
means of identification and estimation. The technique of chromatography is 
ideal for the purpose, since it provides a highly selective method for separating 
small quantities of closely related organic compounds. It requires little or no 
chemical pretreatment of the mixture, and provided that a suitable adsorbent 
is chosen, the decomposition of labile compounds can be kept to a minimum. 
Bellamy and coworkers’ used alumina as an adsorbent for the chromatography 
of certain rubber compounding ingredients and were able to identify four ac- 
celerators in vulcanizates. However, under their conditions many antioxidants 
were weakly adsorbed on alumina and could not be separated from one another. 
Mann® has applied similar methods to the separation of accelerators and anti- 
oxidants prior to their identification by infrared spectroscopy. He considers 
the main limitations of the method to be (1) interference from pine tar, (2) 
lack of suitable solvents for accelerators, making their estimation by infrared 
difficult, and (3) the use of large volumes of solvent which have to be evaporated 
to small bulk prior to examination of the fractions. 

For the chromatography of aromatic amines, amides, nitro compounds and 
other explosive ingredients, an admixture of silica gel with ‘‘Celite-535” has 
proved to be the most useful adsorbent®. It has also been extensively used by 
other workers for similar types of separation. Its main’ advantages are its 
weak adsorptive power, which permits the chromatography of labile com- 
pounds without decomposition (alumina was found to cause decomposition of 
some compounds) ; the ease of packing and extrusion of silica gel columns and 
their suitability for the application of a wide variety of streak reagents; the 
quantitative recovery of adsorbates from the column. In view of the success 
previously attained with the use of this adsorbent, particularly in the separation 
and analysis of complex mixtures of transformation products in aged propel- 
lants'®, it appeared that similar techniques would be equally applicable to the 
analysis of the complex mixtures met in the extracts of vulcanized rubbers. 
Such an investigation is being carried out along the following lines: 


(1) The development of simple rapid qualitative methods for the separation 
and identification of accelerators and antioxidants, involving a chro- 
matographic treatment followed by the application of streak reagents 
to the extruded column. 

(2) The development of selective chromatographic methods to separate the 
accelerator or antioxidant quantitatively in a sufficiently pure state to 
be estimated either by ultraviolet spectroscopy or colorimetric reaction. 


The present paper describes the development of some rapid qualitative 
methods. The use of such methods has already been outlined in a preliminary 
publication". 

COMPOUNDS STUDIED 


The following materials (Table 1) were selected for preliminary study. All 
were commercial products, and consisted essentially of single compounds of 
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DETECTION OF ACCELERATORS AND ANTIOXIDANTS 


Accelerator or antioxidant 


Vulcafor DOTG 
Vulcafor DPG 
Vulcafor TPG 
Vulcafor TC 
Vulcafor MBT 
Vulcafor MBTS 
Vulcafor TMT 
Vulcafor MS 
Vulcafor TET 
Santocure 
Neozone A (PAN) 


TABLE | 
Reputed composition 


di-o-tolylguanidine 
diphenylguanidine 
triphenylguanidine 
thiocarbanilide 
mercaptobenzothiazole 
benzthiazoly] 2-disulfide 
disulfide 
tetramethylthiuram monosulfide 
tetraethylthiuram disulfide 
2-benzthiazolyl-N’-cyclohexy] sulfenamide 


Neozone D (PBN) 
White 
MTD 


DPPD 


sym-di-8-naphthyl p-phenylenediamine 
m-toluylenediamine 
sym-dipheny]l-p-phenylenediamine 


known composition. Both the commercial materials and the pure compounds, 
prepared from them by recrystallization, were examined. 

When methods had been developed for the separation and identification of 
these compounds, the effects of the presence of a number of other accelerators 
and antioxidants were investigated. These materials are listed in Table 2 
below. A number of them were found, by the application of the chromato- 
graphic methods, to be mixtures of some of the simple compounds in Table 1. 
In these cases the observed compositions are indicated in Table 2. 


STREAK REAGENTS EMPLOYED 


A number of color reactions for accelerators and antioxidants which have 
been reported in the literature are shown in Table 3. Many of these are suitable 
for application as streak reagents. Table 4 lists the reagents used for the 
detection of the single compounds of Table 1. Mention is made later of their 
use in detecting some compounds of Table 2. 

The bismuth nitrate and lead acetate reagents for MBT can also be used for 
the detection of MBTS and Santocure by first streaking the column with 5 per 


TABLE 2 


Accelerator or antioxidant Reputed composition 


ZMC 

Vulcafor ZDC 
Vulcafor ZN BC 
Vulcafor MA 
Vulcafor RN 
Nonox NS 
Nonox 8 
Flectol H 
Perflectol 
Neozone C 


Neozone HF 


Ureka White 
Vulcafor DAU 
Vulcafor DAW 
Vulcafor DHC 
Vulcafor F 
Vulcafor FN 


zinc dimethyldithiocarbamate 

zine diethyldithiocarbamate 

zine di-n-butyldithiocarbamate 

formaldehyde-aniline condensation product 

acetaldehyde-aniline condensation product 

phenol-aldehyde-ketone 

aldol-naphthylamine condensation product 

polymerized trimethyldihydroquinoline 

(found Flectol H and DPPD) 

(found sm-toluylenediamine (MTD) and 
phenyl a-naphthylamine) 

(found phenyl-8-naphthylamine and sym-di- 
phenyl-p-phenylenediamine (DPPD)) 

(found MBT and guanidine derivative) 

(found TET and MBTS) 

(found MBT and guanidine derivative) 

(found MBT and ZC) 

(found MBTS and guanidine derivative) 

(found MBTS and guanidine derivative) 
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TABLE 3 


Some CoLortmetric REAGENTS REpoRTED IN THE LITERATURE 


Compounds reacting 


Literature 


reference 


Bi(NO;)3-1% NaOQH-HNO; MBT, thiuram 2 
Aq. Bi(NOs); in acetone MBT 5 
AuCl, DPG 2 
Cu oleate in CHC); dithiocarbamates 3 
Ditto, after NA.SO; thiuram sulfide 3 
Co oleate in benzene DPG, DOTG, o-tolyldiguanide 
dithiocarbamates, MBT, TMT 8, 9 
CuSO, aq. + acetone, ete. dithiocarbamates, thiurams, etc. 1, 5, 6 
Phenolphthalein DPG 4 
HC] and phenol or a-naphthol diazoaminobenzene 4 
Diazotized p-nitraniline aromatic amines 14, 4 
NaOH and diazotized p-nitraniline aromatic amines 13 
Diazotized sulfanilic acid aldol-naphthylamine 15 
Acetic acid or HCl and p-dimethyl- —1-naphthyliminoaldol, PBN 4 
aminobenazldehyde 
p-Phenylenediamine, and NH; 1-naphthyliminoaldol, thiuram 4 
Phenylenediamine and FeCl; primary and various amines 14 
‘elCl, or CuCl, aldol-naphthylamine 17 
Aq. NaOCl + phenol (3%) aldehyde-aniline condensation 9 
products 
SnCl, and amy! nitrite in benzene diarylamines and naphthylary]- 14 
amines 
SnCl, and benzotrichloride in diarylamine-ketone condensation 14 
ethylene dichloride products 
SnCl, benzoyl peroxide in benzene _ ary! substituted p-phenylene 14 
diamines 
SnCl, and bromine in ethylene aniline-acetone condensation 14 
dichloride products, etc. 
H.SO, and trace HNO; diphenyl- and dinaphthyl- 16 
p-phenylenediamines 
H,SO, 
H.SO, + SeO, 
H.SO, + 
Cone. HNO; ‘reactions of 40 commercial anti- 10 
Arsenic acid in H,SO, oxidants investigated 
Amm. molybdate in H.SO, 
10% in H,SO, 
H.SO, 
HNO, 
(NH,4)28.0¢ in H,SO, 
0.5% MoO; in H,SO, >reactions of 8 commercial anti- 13 
0.5% in H.SO, oxidants investigated 
Acetic acid 
Acetic acid + bromine 
1% ammonium vanadate in conc. 
SO, 
reactions with 9 commercial anti- 34 


1% potassium dichromate in conc. 


2 4 
Nitric acid/sulphuric acid 1:3 


cent w/v SnCl,-2H.0 in 2.5 N HCl. 


oxidants recorded 


After allowing a few minutes for reduc- 


tion to MBT, the streak is buffered by the application of 5N sodium acetate 
solution and the bismuth nitrate or lead acetate reagent applied. 

The limiting sensitivities of the various streak reagents used for detecting 
the compounds listed in Table 1 were obtained by developing decreasing quanti- 
ties of each of the compounds on 1l-em. columns by the procedures described 
below. In most cases the smallest detectable quantity corresponded to 0.05 
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ing. on a l-cm. column under the conditions used. Since vulcanized rubber 
extracts containing large quantities of pine tar give rise to a pale yellow-brown 
color on some columns and pale yellow-brown edges to some streaks, these 
limiting sensitivities are increased somewhat in such rubbers. The extract 
from 0.4 gram of rubber can be dealt with on this size of column, and the 
quoted limiting sensitivities correspond to the detection of 0.01-0.02 per cent. 
If high sensitivity is required in the presence of much pine tar, a two-column 
procedure can be adopted, a larger column being used for the preliminary 
separation of the bulk of the pine tar. 

The limiting sensitivities for TET and PAN were even lower than 0.05 
mg., but those for Agerite White, Nonox S and TC were greater, namely, 0.1, 
0.2 and 0.2 mg., respectively. 


LOCATION OF ZONES BY FLUORESCENCE IN ULTRAVIOLET LIGHT 


The strong fluorescence shown by many antioxidants in ultraviolet light 
provides a very convenient means of observing the progress of development of 
their chromatograms, particularly when the chromatographic behavior of the 
pure compound is being investigated. The disadvantage of this method is 
that frequently small quantities of impurity give rise to strongly fluorescent 
zones Which may be mistaken for major components. Furthermore, other com- 
ponents of the rubber extract fluoresce strongly (e.g., pine tar and mineral oil 
components). Hence, when analyzing a rubber extract it is always necessary 
to confirm the identity of any fluorescent zone by extrusion of the column and 
application of the appropriate streak reagent. 


CHROMATOGRAPHIC BEHAVIOR OF ACCELERATORS 
AND ANTIOXIDANTS 


For qualitative work, columns of silica gel-Celite mixture 1 cm. in diameter 
and 15 cm. long were employed. The use of this adsorbent has been described 
elsewhere by Ovenston". One-mg. quantities of most of the compounds formed 
well defined zones on such columns, and in most cases very strong streak tests 
were obtained with this quantity. A number of solvents were tried for placing 
the compounds on the column before development. Methylene chloride was 
finally chosen for general use. It readily dissolves all the compounds con- 
cerned and its developing power is not unduly great. However, it is not 
suitable for placing very weakly adsorbed compounds, such as the phenyl- 
naphthylamines. Light petroleum or carbon tetrachloride is suitable for these 
compounds. All chlorohydrocarbons were washed and dried before use, since 
the development of traces of chlorine produced serious decomposition of many 
solutes. 

As developers, a number of binary solvent mixtures were investigated. By 
adjustment of the concentration of the more polar component, the zone of any 
one compound could be moved into the middle of the column and optimum 
conditions for its separation from other compounds could thus be decided. 
Table 5 presents the adsorption series obtained with the four binary solvent 
mixtures which have so far been the most fully investigated. The concentra- 
tion of the more polar component of the developer which produces a convenient 
development of the zone is indicated against each compound. Compounds 
whose zones overlap are bracketed. Where compounds are not completely 
separated by one binary developer, a good separation can often be obtained by 
the use of a different binary solvent. For example, using mixtures of ethyl 
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acetate and benzene and zone of TMT overlaps that of MBT, but with ethyl 
ether in light petroleum, the TMT can be cleanly separated from the MBT. 

The chromatography of Agerite White (and to a less extent of DPPD) 
presents some difficulty owing to the low solubility in the less polar solvents and 
the weak adsorption on silica gel from the more polar solvents in which Agerite 
White is readily soluble. It is only very slightly soluble in light petroleum, 
‘arbon tetrachloride, and ethyl ether. Benzene dissolves 0.4 mg. per ce. It is 
moderately soluble in methylene chloride and easily in acetone. When placed 
on silica gel in a small volume of methylene chloride and subsequently developed 
with either 1 per cent ethyl acetate in carbon tetrachloride or 10-20 per cent 
ethyl ether in light petroleum, part of the Agerite White is eluted with the 
methylene chloride front. The remainder forms a somewhat diffuse zone on 
the column which can readily be located by streaking with the vanadate reagent 
(or with the more sensitive selenium dioxide reagent) and by the decomposition 
of the material on exposure to light, with the formation of a pink compound. 
This diffuse zone did not interfere with the detection of any other compound 
and served as a sensitive indication of the presence of Agerite White. Agerite 
White can be made to chromatograph more satisfactorily by placing it on the 
column as a saturated solution in carbon tetrachloride and developing with 
ethyl ether in carbon tetrachloride. This method also serves to separate 
DPPD. 

With the above chromatographic data as a guide, it was possible to devise a 
series of chromatographic treatments for obtaining optimum separation of each 
of the compounds in Table 1 from others giving interfering streak reactions. 
Six developers which have been found most useful for this purpose are indicated 
in Figures 1—6, which also show the positions of zones produced on the columns. 


EFFECT OF OTHER INGREDIENTS OF VULCANIZATES 


Paraffin wax, mineral jelly, and liquid paraffin are eluted from the column, 
even with light petroleum alone, and can thus be separated from the acceler- 
ators and antioxidants. Any impurities they contain produce little or no color 
on the column, and do not, therefore, interfere with the detection of the acceler- 
ators and antioxidants. Stearic acid could be detected by streaking the 
column with bromocresol green indicator solution; the acid changed the color 
of the streak from greenish blue to yellow-green. Stearic acid is completely 
eluted with 20 per cent, alcohol in light petroleum or 20 per cent ethyl ether in 
light petroleum (columns 2 and 6), and can be recovered quantitatively. With 
the weaker developers it forms wide diffuse zones. It would appear on columns 
in Figures 1, 3, 4, 5 and 7, but does not interfere with the identification of the 
other compounds. 

Pine tar is a common major component of vuleanizates, and in view of its 
complex nature its possible interference with the proposed procedures was 
investigated. Fifty-mg. quantities of pine tar were run through each of the 
proposed procedures. On columns 2, 3, 4 and 5 (Figures 2-5) much of the pine 
tar was strongly adsorbed as a brown zone, but the whole column fluoresced 
pale blue in ultraviolet light. On all four columns a zone was formed which 
gave a streak with light grey edges with the copper sulfate reagent after stand- 
ing for 5-10 minutes. Although this zone overlapped some of the accelerator 
zones, there was no interference with the detection of the latter, owing to the 
pale color of the streak given by the pine tar and the time required for its ap- 
pearance. 


| 
fe 
x 


DETECTION OF 


ACCELERATORS AND ANTIOXIDANTS 457 


Column No. Compounds Positions of developed zones 
and strongly Top of Bottom of 
developer adsorbed column column 


Compounds 
eluted 


Flectol H 


Santocure 
Agerice White 


DOTG TET 


No. 2 DPG PAN 
20% ££. | Nomox (but 
diffuse zone flectel Amers 
column) TMT. Sancocure 
No. 3 DOTG AY ZG Zone VET 
4% EA. | TPG 
in benzene | MTD 70/4, PBN 
» Agerite White 


DOTG 


2A. 


f 
in CCl, Nonox $ (mainly) 


Agerite White 


No 5 ecto ones Pp 
25 mi. TPG $44 LLL LL. Agerite White 
benzene MTD TC, MS THT (mainly) 
DPPD 
TC MBTS 
ate MS TET 
PAN PBN 
207, ALC. DPPD MA 
in LP. Santocure 
VIITSTIIITA FI Agerite White 
10 mi. Wy 
ALC. in DOTG PAN 
MTD Ms TMT TET, and Santocurd 
% EE. 
in LP. friar ‘OPPO an one “Agerive W 


NOTE: = Echy! Ether: L.P, = Light Petroleum: E.A.= Ethyl Acetate: ALC. = Ethy! Alcohol 


Fias. 1-7.--Positions of zones after development with proposed solvents. 


The presence of large quantities of pine tar (50 mg. ) increased somewhat the 
movement of zones. This was particularly serious in the case of TMT on 
column (3) and TET, MBTS and Santocure on column (4). In the presence of 
large quantities of pine tar, therefore, it was necessary to run control columns by 
chromatographing the appropriate aliquot of the rubber extract, to which had 
been added 1 mg. of an appropriate accelerator, e.g., TMT on column (3), 
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MBTS on column (4), ete. The strength or volume of developer could then 
be adjusted, if necessary, to move this zone to the correct position on the 
column. 

An interesting effect was noted when chromatographing TMT in the pres- 
ence of pine tar. After development with 20 per cent ethyl ether in light 
petroleum (see Figure 2), an orange streak was obtained instead of the yellow- 
green streak characteristic of the thiuram disulfides. Further investigation 
revealed that pine tar produces a zone at this position on the column which by 
itself gives practically no streak reaction with copper sulfate, but changes the 
streak obtained with TMT from yellow-green to orange. The normal TMT 
streak was obtained by chromatographing the mixture with 1.5 per cent ethyl 
acetate in benzene (see Figure 3). 


EFFECT OF OTHER ACCELERATORS AND ANTIOXIDANTS 


The qualitative methods developed for the simple compounds (Table 1) 
were applied to a number of other commonly used accelerators (see Table 2) 
with the object of finding: 


(1) to what extent the presence of these compounds would interfere with 
the identification of the compounds in Table 1; 

(2) to what extent the methods at present developed could be applied to 
the identification of these additional compounds. 


A number of these materials were found to be mixtures of the simple com- 
pounds listed in Table 1 and their compositions, as indicated by the application 
of the proposed methods, are included in Table 2. Others are complex mixtures 
of condensation products and, as was expected, with many developers they 
gave diffuse zones, or in some cases a number of separate zones on the columns. 
Some of the zones overlap those of the simple compounds, but in most cases the 
overlapping zones give streak reactions with different reagents and do not there- 
fore mutually interfere. The following notes provide further details of the 
behavior of the additional materials studied : 


NONOX 8 


On the six standard columns already described, Nonox S was either strongly 
adsorbed or eluted, or gave very diffuse zones. It was found that, by develop- 
ment with 1 per cent ethyl alcohol in carbon tetrachloride, it formed a tight 
zone at the front of the ethyl alcohol zone. By further development with 10 
per cent ethyl ether in light petroleum, the zone broadened somewhat (see 
Figure 7) and was sufficiently separated from all other compounds giving colors 
with the dichromate or vanadate reagents (with which Nonox 8 produces a 
dark green streak). This therefore served as a method for its identification. 
Such a treatment would not in general be suitable for the quantitative isolation 
of Nonox §, since a large number of other colorless compounds appear in the 
same position on the column after this treatment. 


VULCAFOR MA 


With sodium hypochlorite, this material gives a pale orange-brown color on 
standing. Only very faint colors or no color are obtained with the other re- 
agents. The accelerator was eluted from column 6, and thus it does not inter- 
fere with the guanidines, which are identified by means of hypochlorite. It 
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produces wide diffuse zones on columns 2, 3 and 4, while on column 7 a tight 
band is formed in the middle. Development on column 4, followed by streaking 
with sodium hypochlorite, provides a method of distinguishing it from the 
other compounds considered. 


VULCAFOR RN 


With the dichromate or vanadate reagents, this gives a purple color, chang- 
ing to orange-brown. It gives a brown color with the nitric-sulfurie acid re- 
agent. It is mainly strongly adsorbed on all columns, and does not interfere 
with the detection of the other compounds considered. 


NONOX NS 


None of the reagents gave a very satisfactory streak with this material. 
Hypochlorite with sodium hydroxide gave a pale yellow color. Dichromate, 
vanadate and HNO;-H.0, reagents give pale olive-green or light brown colors. 
More characteristic colors were produced with SeO. or MoO; in concentrated 
H.SO,. The latter was the most sensitive, and gave purple and greenish gray 
streaks. It is mainly strongly adsorbed on all columns except No. 6 (eluted) 
and No. 7 (multiple zones which do not interfere with the identification of 


Nonox 8). 
FLECTOL H 


Flectol H is best detected with nitric/sulfuric acid mixture (orange-brown 
streak). It also gives a pale mauve streak on standing with alkaline hypo- 
chlorite, and a very pale brown with vanadate reagent. It is eluted from 
column 6, but appears on the other columns as a series of well separated zones, 
all of which fluoresce in ultraviolet light and give the same streak reactions. 
It is most readily identified on column 2. On column | it produces a zone which 
might be mistaken for a small amount of PBN. It may be distinguished from 
the latter, however, by streaking with nitric-sulfuric acid and with alkaline 
hypochlorite. 

DITHIOCARBAMATES 


The dithiocarbamates are of particular interest, partly because certain of 
them are added as accelerators, but also because they are formed in large 
quantity from thiuram disulfides during vulcanization. Specific methods 
(involving the chromatography of the copper salts) are being worked out 
separately and the chromatographic behavior of zine salts on silica gel will be 
considered here only in so far as they interfere with the tests for the other ac- 
celerators already described. Zinc dimethyl-, diethyl- and di-n-butyldithio- 
carbamates have been investigated. All three compounds produce rather 
diffuse zones with the developers considered. They may be readily detected 
by streaking with copper sulfate solution, with which they produce the yellow- 
brown copper complex. 

The only test with which the zine dithiocarbamates are likely to interfere 
seriously is that for TET. The zone of ZMC on column 4 overlaps that of 
TET and if present in large quantity, the brown color would mask the apple 
green TET streak. The zones of ZDC and ZNBC do not normally interfere 
on this column as they are eluted. Some interference might, however, be 
experienced if these compounds were present in very large quantity, since they 
tend to give trailing zones. 
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During the chromatography of the zinc compounds on normal silica gel/ 
Celite, it was noted that a faint brown zone was formed (even in the complete 
absence of light), which moved down the column ahead of the zone of the zine 
compound. These colored zones were attributed to traces of metallic im- 
purity in the adsorbent (probably iron or copper). 


PREPARATION OF EXTRACTS FOR CHROMATOGRAPHY 


The compounding ingredients were extracted from the finely divided rubber 
(5-10 grams) with acetone in a hot soxhlet extraction apparatus. Extraction 
was almost complete after 8 hours. The extract was evaporated under reduced 
pressure and the last few cc. of acetone was removed by means of a current of 
air at room temperature (throughout the extraction, evaporation and subse- 
quent stages in the procedure the exposure of all solutions to light was kept to a 
minimum; the chromatographic columns were shielded from light by means of 


TABLE 6 


Compositions OF Mixes EXAMINED 


Paraf- 
Sample fin Pine Stearic Zine Carbon Anti- 
no. Rubber wax tar Sulfur acid oxide _ black Accelerator oxidant 
1 62.4 be | 18.7 Santocure Agerite 
0.6 White 0.6 
65.8 1.8 19.8 Santocure Agerite 
0.7 


9 White 0.7 
65.7 1.8 19.7 MBTsS 0.7 Agerite 
TMT 0.2 White 0.7 
69.2 ; 20.7 MBTS 0.7 PBN 1.4 
50.0 j 42.6 MBT 0.4 PBN 0.5 
74.5 2. 11.5 DPG 1.0 Nonox 


0.7 
13 69.7 ; b a ; 17.4 As below PBN 0.7 


0.7 
14-18 — ~ - a MBT 0.7 As below 
0.7 
Nore— 
Someien I-18. ~Accelerators added were (7) DOTG, (8) TPG, (9) MA, (10) TC, (11) TMT, (12) MS, 


Samples 14-18.—-Antioxidants added were (14) PAN, (15) Neozone C, (16) Neozone HF, (17) Flectol 
H, (18) Perflectol. 
Sample 1.—Contained 6.3 per cent of dark factice. 


cardboard cylinders). The dried extract was treated with several portions of 
methylene chloride and the combined solutions filtered and made up to 25 ce. 
Normally it was sufficient to chromatograph 1 cc. of this solution. If only 
slight traces of the compound were present, larger aliquots were evaporated to 
approximately 1 ec. before chromatography. 

Methylene chloride gave satisfactory extraction of all accelerators and anti- 
oxidants from large amounts of pine tar. The less polar solvents normally 
used for placing mixtures on silica gel (e.g., benzene, light petroleum, carbon 
tetrachloride) did not completely extract some accelerators. However, 
methylene chloride could not be used for placing a- and 8-phenylnaphthyl- 
amines, owing to their weak adsorption characteristics. Where these com- 
pounds were to be identified (see Figure 1), carbon tetrachloride was employed 
for treating the acetone extract.These two compounds were readily extracted 
from the carbon tetrachloride insoluble material. 
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APPLICATION OF THE METHODS TO SOME VULCANIZED RUBBERS 


Complete characterization of a vuleanizate of unknown composition implies 
a detailed knowledge of the chromatographic behavior, not only of all the com- 
mercially used accelerators and antioxidants, but of their transformation 
products produced during vulcanization. In some cases the concentration of 
the original accelerator remaining in the rubber may be too small to be de- 
tected, even with the sensitive chromatographic methods, and in all cases there 
is the possibility of zones of accelerator or antioxidant transformation products 
obscuring and confusing the identification of other compounds on the column. 
A number of vuleanized rubbers made from mixes of known composition were 
examined by the proposed methods. The compositions of the mixes are shown 
in Table 6. The following accelerators and antioxidants were readily detected 
in the rubbers derived from the mixes containing them: 


Accelerators Antioxidants 


Agerite White 
DPPD 

PBN 

PAN 

Flectol H 
Nonox 8 


The presence of DPG and DOTG in the vulcanized rubbers is of interest in 
view of the results of previous workers. Thus, Wistinghausen' and Hum- 
phrey" have both observed residual unchanged DPG in vulcanizates. On the 
other hand, Dufraisse and Houpillart'® found no unchanged DPG in an acetone 
extract. Likewise, Bellamy, Lawrie and Press’ obtained complex chromato- 
grams from rubbers accelerated with DPG, but could not detect any of the un- 
changed accelerator. Mann observed the presence of substantial quantities of 
DPG transformation products and isolated a fraction which appeared to be 
very similar to DPG, but whose identity was uncertain. He considers that 
the fraction may have been DPG, the dissimilarity between its I.R. spectrum 
and that of crystalline DPG being due to the fact that it was not crystalline. 
In the present work the chromatographic behaviors and streak reactions of the 
zones certainly agreed with those of DPG and DOTG. However, they may 
have been due to closely related transformation products having similar chro- 
matographie behaviors and streak reactions. This is considered to be unlikely, 
but further work is required before the identification can be regarded as un- 
ambiguous. 

The results obtained with the mixes accelerated with MBT and MBTS are 
particularly interesting in view of the work of Dufraisse and Houpillart'®, who 
have shown that rubbers containing either MBT or MBTS give rise to a 
mixture of both compounds after vulcanization. The present experiments 
appear to confirm this view. Thus, both MBT and MBTS were found in 
samples 4 and 5 which were, respectively, accelerated with MBTS and MBT. 
In sample 3, which also was accelerated with MBTS, the indication for the 
presence of residual accelerator was inconclusive, although MBT was easily 
detected. MBT and MBTS were also found in samples 14 and 16, although no 
MBTS could be detected in samples 15, 17 or 18. Both Mann* and Bloomfield'® 
have found that MBTS is converted to MBT during chromatography on 
alumina. In contrast, no trace of such decomposition has ever been found 
when chromatographing pure MBTS on silica gel. The MBT found in the 
rubbers accelerated with MBTS must, therefore, have been formed either 


MBT 
MBTS 
D PC 
DOTG 
>) 
TPG 
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during the vulcanization process or during acetone extraction. That decom- 
position during extraction can occur with some accelerators was indicated by 
some experiments with Santocure, which was found to be partially decomposed 
to MBTS on warming with pine tar in acetone solution. In view of this, the 
MBT found in the extracts of the rubbers accelerated with Santocure may also 
have been produced during extraction of the rubbers. 

Clearly, the general question of the decomposition of accelerators during 
the extraction process needs very careful consideration. The possibility of 
loss of accelerator during the extraction process was demonstrated in a remark- 
able manner in the case of TMT. No TMT could be detected in sample 11 
(which also contained stearic acid and pine tar), and to determine whether it 
would be decomposed during extraction, a proportion was added to the flask at 
the start of the acetone extraction process. None could be detected after 6 
hours’ extraction. It was next found that most of the TMT could be recovered 
after boiling for 6 hours in acetone, either alone or in presence of pine tar, but 
that none was recovered if stearic acid were present. Cold acetone extraction 
was next tried, but TMT added to the acetone before extraction of the rubber 
was again completely lost after 6 hours’ extraction, although some TMT 
could be recovered after shaking its cold acetone solution with a mixture of 
pine tar and stearic acid. Finally, extraction with cold methylene chloride 
was tried. TMT added to the methylene chloride before extraction could now 
be recovered, although using the rubber alone, TMT still could not be detected. 
It was, therefore, concluded that all the TMT added to mix No. 11 had been 
consumed during vulcanization. It would appear from the above experiments 
that the rubber extract contained some unidentified compound capable of de- 
composing TMT, even in cold acetone, and for the detection of TMT in vul- 
canizates, extraction with some other solvent must be employed. It is of 
interest to compare the results just described with the statement of Mann® that 
TMT and TET react with acetone during extraction to give derivatives which 
seem to contain carbonyl groups. Such reaction, if it occurs, must also require 
the presence of some other compound, since we have found little decomposition 
after boiling in acetone alone, but complete decomposition if stearic acid is 
present. The mixes examined by Mann did in fact contain stearic acid. 

In addition to TMT, the following compounds could not be detected after 
vulcanization: TET, TC, MS, MA, and the MTD in the mixed antioxidant 
Neozone C. A number of previous workers have found that thiuram disulfides 
are partly converted to the corresponding zinc dithiocarbamates during vul- 
canization in the presence of zine oxide'’. This was confirmed in the present 
case by the application of methods involving the chromatography on silica gel 
of the brown copper dithiocarbamates (these methods are still under develop- 
ment). By the application of the same methods, dimethyl dithiocarbamate 
was also detected in the rubber accelerated with MS. In the case of TC and 
MS, experiments were carried out to determine whether these accelerators, 
like TMT, were decomposed by hot acetone extraction. It was found that TC 
and MS, added to the acetone at the start of the extraction, could subsequently 
be detected by the application of the appropriate chromatographic procedures. 
It was, therefore, concluded that the TC and MS originally present in the 
mixes were completely consumed during vulcanization. 

The qualitative methods already described can in some cases be applied 
directly for quantitative work, once the identities of the compounds present 
have been established by the use of the standard columns. Thus, MBT, 


SP, 
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PBN, and Flectol H have been identified and estimated in samples of unknown 
composition. The estimation was carried out by chromatographing the extract 
from 5 grams of the rubber on a 2-cm. column, using four times the stated 
volume of developer. After location of the zone by streaking, it was eluted 
with ethyl ether and its ultraviolet absorption spectrum measured. Its iden- 
tity was thus confirmed, and the amount present was determined. 


ADVANTAGES OF THE PROPOSED METHODS 


The methods can be applied in the presence of other normal compounding 
ingredients, including large quantities of pine tar, and allow the separate 
identification of mixtures of accelerators and antioxidants. The colors of the 
streak reactions obtained, together with the positions of the zones with various 
developers, provide an almost unambiguous identification. With little modi- 
fication, the methods can be adapted to the quantitative separation of the 
materials and their estimation by ultraviolet spectroscopy. 

The use of a mildly adsorbent fine grain silica gel gives more easily extrud- 
able columns and minimizes the possibility of decomposition of adsorbates. 
The use of an extrusion procedure reduces the volume of solvent required and 
more readily allows the preparation of tables of chromatographic behavior 
from which the best developer for the separation of any two compounds can be 
judged. Subsequent isolation of the materials after chromatography can 
generally be carried out more conveniently by extraction from sections of the 
column than by evaporation of large volumes of percolates. 


SUMMARY 


The chromatographic behavior on silica gel/Celite adsorbent, of thirty-two 
accelerators and antioxidants has been investigated. Adsorption series have 
been established with four binary solvent mixtures and, based on these results, 
some simple and rapid methods have been designed for the identification of the 
compounds. These depend on the application of various streak reagents to the 
extruded chromatographic column, and with many of the compounds they 
give an almost unambiguous identification, even when several compounds are 
present in admixture. The methods are discussed in relation to those previ- 
ously available for the identification of accelerators and antioxidants. They 
offer some important advantages. 

The methods have been successfully applied to a number of rubbers of 
known composition. Accelerator transformation products have in some cases 
been detected or identified. No case of accelerator decomposition during chro- 
matography has been observed, but decomposition of certain accelerators 
during acetone extraction of the rubber has been noted. The results obtained 
have been compared with previous work on accelerator transformation prod- 
ucts. 
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THE INFLUENCE OF THE TEST-SPECIMEN ON THE 
RESULTS OBTAINED IN TENSILE TESTS OF SOFT 
VULCANIZED RUBBER MIXTURES * 


R. Herzoc ano R. H. Burton 


SCHWEIZERISCHE Drant-, UND GUMMIWERKE, Datwyter A. G. 
SwiItzERLAND 


INTRODUCTION 


In the second draft, December 7, 1950, of the VSM Standards, the specifica- 
tions for testing soft rubber and thermoplastics (plasticized polyvinyl chloride), 
with particular reference to tensile tests, include the use of test-specimens of 
three different forms. 

The work reported in the present paper was carried out with the purpose 
of determining how well the results obtained using these three different types 
of test-specimens agree, and whether or not any of the three types could be re- 
placed by a more suitable one. In this work, the results obtained with test- 
specimen No. 3, which was proposed in 1950 as an international standard by 
Technical Committee 45 of the International Standards Organization (ISO/TC 
45), were logically used as a standard of comparison with the other forms of 
test-specimen. In addition to these three VSM test-specimens, five more test- 
specimens were chosen so that, in all, eight forms were tested, as itemized in 
Table 1. 


EXPERIMENTAL RESULTS AND STATISTICAL EVALUATION 


All the dies used in the experiments were new, and their cutting edges were 
absolutely free of nicks. In addition, to prevent the usual spreading of the 
narrow parallel blades at the section to be measured, all cutting dies were pro- 
vided with special supports, in accordance with the specifications? of the ASTM. 

In order to test these eight different test-specimens as comprehensively as 
practicable, four types of vuleanizates, as shown in Table 2, were prepared. 

The four rubber mixtures were press-cured in the form of sheets, 1.95-2.25 
mm. thick, of such a size that the eight different test-specimens to be tested 
could conveniently be died out from one sheet. To avoid errors of method, 
the eight different types of test-specimens were cut from each of the four sheets 
in an alternating sequence of the four types. Twenty individual test-speci- 
mens were tested for each of the four mixtures and for each type of test-speci- 
men. Ten test-specimens were cut in the direction of sheeting from the mill 
and ten at right angles to this direction. The only results accepted for evalu- 
ation were those obtained from test-specimens which, in each series of twenty, 
did not deviate more than 15 per cent from the mean thickness of the series, as 
judged by three individual measurements. 

The thickness was measured by a thickness-measuring instrument exerting 
a pressure of 200 grams per sq. em. and a contact diameter of 3mm. In cal- 


* Translated for Russer Cuemistry AND TreCHNOoLoGY from the Schweizer Archiv fiir Angewandte 
Wissenschaft und Technik (Annales Suisses des Sciences Appliqueés et de la Technique), Vol. 18, No. 6, 
pages 178-189, June 1952. 
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TABLE 1 
Trest-Specimens UsepD IN THE EXPERIMENTS 


Designation Notes 


1 VSM-1 — test-specimens correspond to the two forms of test- 
2 \VSM-2 pecimen specified by the CEE (Commission Interna- 
eaale de Re glémentation en vue de |’Approbation de 
l’Equipement Electrique) and of the SEV (Schweizer- 
ischer Elektrotechnischer Verein)! for testing rubber- 
insulated electric conductors 


3 VSM-3 This test-specimen conforms to that recommended by the 
International Standards Organization for tension stress- 
strain tests (TC 45). The form is identical to that of 
the ASTM test-specimen (D412-49T, die C)? 


VSM-la A modification of the VSM-1 form, with reduction of the 
breadth of the narrow section from 4 to 3 mm. 


KTA-I 
KTA-II 

DIN, Specimen II Specified by 

ASTM, die C This conforms to ASTM D412-414 


culating the cross-section of a test-specimen, the width was assumed to be the 
distance between the edges of the die, measured microscopically. 

Test-specimens which in tensile tests broke in the clamps were disregarded 
in the evaluations, but breaks outside of the actual bench marks were taken 
into account. This method is approved unreservedly by the International 
Standards Organization (TC 45), since it has been demonstrated that these 
measurements do not deviate from those measurements where rupture takes 
place within the range of the bench marks. 

Finally it should be added that breaks both in the clamps and within and 
outside of the bench marks were recorded in order to gain a better insight into 
the general suitability of each type of test-specimen. 


EXPERIMENTAL RESULTS 


In the following pages, only the individual results obtained with the pure-gum 
vulcanizate are recorded, since these are especially characteristic (see Tables 
3 to 10). For the other three types of vulcanizates, only the kind of break, 


TABLE 2 


VuLcANIzATES UsED IN THE EXPERIMENTS 

Ingredient A lll/1 A 111/2 A111/3 A 111/4 
Smoked-sheet rubber 100 100 100 100 
Sulfur 3.5 3 3 3 
Mercaptobenzothiazole 0.5 1 
Pheny]-8-naphthylamine — 1 1 1 
Stearic acid 0.5 3 3 1 
Zinc oxide 6 5 4 20 
Diocty] phthalate — — 3 — 
MPC black — 50 60 —_ 
Whiting — — 60 80 

pat mixture Pure gum Tire tread Sole Insulation 
anization for 40 min. 140°C 144°C 153° C 140° C 
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TABLE 3 


ResuLTs oF MEASUREMENTS OF B 111/1, wirH Test-SpectmeN VSM-1 
(MEASURED DisTaNcE 20 MM.) 


oB Location of break 


Lengthwise 


Mean 


Crosswise 


ww 


Mean 


Overall mean 


TABLE 4 


Resutts oF MEASUREMENTS OF A 111/1, Test-SpecIMEN VSM-2 
(Measurep Distance 20 mm.) 


oB om Location of break 


Lengthwise 


174 


161 
161 
181 
151 


Mean 


Crosswise 


Mean 


Overall mean 
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3 

— — 3 

= 

1 2 3 

805 

11 800 

12-820 

12 820 

12-810 

194 12-810 

193 12 870 a 

174 12 819 
182 830 2 
177 1 850 2 

183 11 830 2 = 

202 12-850 2 

210 12-870 2 

182 12-860 2 = 

186 12-840 2 

192 12845 2 

| 189 12-847 
1 2 3 
182 12834 5% 70% 25% 
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TABLE 5 


Resvutts oF MEASUREMENTS OF A 111/1, TestT-SPEcIMEN VSM-3 
(MerasurepD Distance 25 mm.) 


oR 4B Location of break 
Lengthwise 198 12 860 2 
193 12 851 2 
2 
1 
1 
2 
2 
2 
1 


Mean 
Crosswise 181 11 836 


Mean 


Overall mean 1 3 
193 12 861 20% 80% 0% 


TABLE 6 


Resutts oF MEASUREMENTS OF A 111/1, Test-SpeciMeN VSM-la 
(Measurep Distance 10 mm.) 


oB om 6B Location of break 
Lengthwise 191 10 830 2 

— 3 

179 12 860 2 

184 12 860 2 

187 12 780 2 

— 3 

194 12 750 1 

191 11 800 2 

186 12 800 : 


| 
| 
| 


Mean 


Crosswise 


Mean 


Overall mean 
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187 12 820 

2 193 12 856 

= 191 12 852 

a 186 13 852 

x 176 12 829 

208 12 880 

2 197 12 872 

= 184 12 864 

189 12 853 

187 128i 

184 10 850 1 

= 191 12 820 2 

— — — 3 

g 196 12 810 2 

“ 201 12 820 2 

4 211 12 840 2 

4 192 11 760 1 

3 211 12 790 2 

= 169 11 840 2 

194 12 816 

1 2 3 
s 191 12 814 15% 60% 25% 
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TABLE 7 
OF MEASUREMENTS OF A 111/1, wirra Test-SpecimMen KTA-I 
(MeasurRED Distance 15 Mm.) 


700 Location of break 


Lengthwise 


Mean 


Crosswise 


Mean 


Overall mean 
878 


TABLE 8 
Resutts or MEASUREMENTS OF A IIL/1, Test-Specimen KTA-II 
(Measurep Distance 10 MM.) 


oR om 5B Location of break 
Lengthwise 167 840 
167 855 
171 845 
161 825 


187 845 
147 800 
164 850 
160 

176 


Mean 167 


Crosswise 173 
172 
160 
170 
166 
146 
167 
16] 
163 
145 


Mean 162 


Overall mean 
164 
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oR 

188 12 847 

208 12 873 ay 

207 13 873 : 

229 12 873 
236 12 880 

209 11 900 

215 11 887 2 

218 11 867 

214 12 875 
204 12 880 

218 11 854 

240 12 900 a 

209 11 860 

221 12 867 ae 

206 11 873 

223 12 900 

220 11 873 

206 11 914 

216 880 
55% 30% 15% 

1 

12 833 
12 825 

1! 810 

13 800 1 

12 815 

11 830 
12 830 

13 815 

12 850 

11 820 

11 825 

12 822 
12 827 95% 0% 5% 2 
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TABLE 9 


OF MEASUREMENTS OF A 111/1, witH Test-Specimen DIN-II 
(MeasurRED DisTaNce 10 Mo.) 


6B Location of break 


Lengthwise 845 
870 


NE 


Mean 


1 
Overall mean ( j 45% 


TABLE 10 
Resutts oF MEASUREMENTS WITH TEST-SPECIMEN ASTM-C 
Location of break 


Lengthwise 


Mean 


Crosswise 


NRK 


Mean 


Overall mean 
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oB om 

171 13 840 

204 13 840 

: 203 12 880 

202 13 880 

204 13 850 

187 12 870 

; 172 13 810 

180 13 855 

. Mean 190 13 854 

e Crosswise 183 13 845 

213 12 900 

210 13 895 

188 12 870 

4 177 13 810 

4 208 12 900 

i 198 13 870 

1 194 13 890 

| 204 13 845 

4 175 12 840 

195 13 866 

| 
| 55% 0% 

16613750 
138 795 

3 164 12 815 

160 12 800 

172 12 835 

156 1] 815 

163 il 815 

160 12 795 

151 13 820 

. @ 820 

159 2-806 

149 12 795 

: 143 12 795 

: 170 12 825 

160 13 820 

152 815 

170 12 845 

169 1 815 

161 12 815 

iE 168 12 810 

147 815 

159 12815 

1 2 8 
159 12 810 5% 95% 0% 
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TABLE 11 


Type oF BREAK—PERCENTAGE DISTRIBUTION OF BREAKS 
VSM1 VSM2 VSM3 VSM la KTAI 


Vulcanizate 
Alll/1 
Within bench-marks 


Outside of bench-marks 
Clamp break 


A 111/2 
Within bench-marks 
Outside of bench-marks 
Clamp break 

A 111/3 
Within bench-marks 
Outside of bench-marks 
Clamp break 

A111/4 
Within bench-marks 


Outside of bench-marks 
Clamp break 


Vulcanizate 


A lll/1 
Z 
8 


A 111/2 
Z 


s? 


A 111/38 
Z 
9? 
8 


A 111/4 
Z 
8 


All four vulcanizates 
g 
2 
s 


20 
80 
0 


TABLE 12 


KTA IT DIN-IT ASTM-C 


MEASUREMENTS OF TENSILE STRENGTH 


Measurements of tensile strength 


VSM1. VSM2 VSM3 VSM la KTAI KTA II DIN-II ASTM-C 


182 193 
250 95 
16 10 


288 300 
45 134 
12 


140 
35 
6 


86 
45 
7 


180 


77 
9 


TABLE 13 


215 
163 
13 


296 
333 
18 


164 
109 
10 


169 
64 
8 


DeviATION ANALYSIS OF TENSILE STRENGTHS 


Deviation 
Between vulcanizates 
Between test-specimens 
Reciprocal effect 
Total between groups 
Total within groups 


Total 


Degree of Sum of 
freedom squares 
3 1,364,865 
2 4,498 
3,761 


1,373,124 
17,456 


1,390,580 


Mean 
square 


454,955 


2, 


249 
627 


80 


45 
55 
0 


192 
181 
13 


302 
100 
10 


141 
122 
1] 


92 
42 
6 


182 


111 
11 


159 
93 
10 


287 
184 
14 


Test-specimen 


VSM la 


VSM 2 
VSM 3 
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a 0 5 15 55 95 5 se 
100 25 25 15 5 0 a 

10 45 85 50 95 100 60 60 ee 

90 55 15 50 5 0 40 40 ot 
0 0 0 0 0 0 0 0 x 

25 55 90 65 85 90 75 70 ae 

75 45 10 35 15 10 25 30 iS 

0 0 0 0 0 0 0 0 3 

20 70 65 30 90 95 60 80 ee 

TSC 80 30 35 70 10 5 40 20 es 

0 0 0 0 0 0 0 0 a 

(185) 191 

(180) 122 = 

(13) ll 
293 274 280 

141 132 137. 140146 142 
185 70 72 97 57 41 a 

14 8 8 10 6 

82 80 8 89 87 92 ee 

54 52 43 55 28 29 a 

7 7 5 5 

(175) 170 |_| 172 185 = 179 

(130) 94 70 86 

(11) 10 8 12 9 

= 

= 

218 = 2 


TABLE 14 
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EXPERIMENTAL RESULTS WITH THE INDIVIDUAL VULCANIZATES 


Vulcanizate 


A 


A 111/38 


A 111/4 


Vulcanizate 


A 
D 


s 


A 111/2 
D 


s? 


A 111/38 


A 1111/4 
dD 


s? 


8 


All four vuleanizates 


dD 


Degree of 


Deviation freedom 


Between test-specimens 2 
Within test-specimens 47 


149 3,6* (Foo5 = 3,22) 


Between test-specimens 
Within test-specimens 57 
F= = 39*** (Foo. = 4.98) 
7 


Between test-specimens 2 
Within test-specimens a7 


F = 327 = §.9*** (Fo, o = 4,98) 


Between test-specimens 2 
Within test-specimens 57 
_ 227 


F= 5,3*** (Foo. = 4,98) 


TABLE 15 


MEASUREMENTS OF EXTENSIBILITY 


(895) 834 861 814 878 
(712) 5386 323 1169 317 
(27) 23 18 34 18 


554 542 
626 287 
25 


530 


534 
118 ) 


806 


369 
214 


15 


(580) 
(639) 
(25) 


Sum of 
squares 


1,069 
7,010 


6,082 
4,447 


654 


3,546 


827 
271 
16 


528 
312 
18 


563 
348 
19 


Mean 


square 


860 
712 
27 


570 


537 


23 


534 
149 


3,041 
78 


810 
207 
14 


520 
670 
26 


472 
290 
|_| 326 
55 
= 454 227 
2,653 43 
a Elongation at rupture (%) 
VSM 1 VSM2 VSM3 VSM 1a KTAI KTAIL DIN-II ASTM-C 
316 
316 
31 28 18 
396 361 378 397 384 373 352 
655 164 234 371 #150 527 111 
it 8 26 a 13 15 19 12 23 10 
510-500-480 514. 50849 
563° 708 245 392 657 592 268 
= : 24 27 20 16 20 26 24 16 
561 558 560 580 me 539 
429-253 620 478 313 
re, 20 16 25 22 | 18 
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16 
DerviaTION ANALYSIS OF EXTENSIBILITY 
Degree of Sum of Mean 
Deviation freedom squares square Test-specimen 
Between vulcanizates 3 6,296,074 2,098,691 VSM la 
Between test-specimens 2 12,650 6,325 VSM 2 
Reciprocal effect. 6 22,112 3,685 VSM 3 
Total between groups 11 6,330,836 - 
Total within groups 218 95,705 439 


Total 229 6,426,541 


Reciprocal effect , _ 3685 
= ——— = 48, (very reliable 
Within groups 439 (very 
Between vulcanizates _ 2098691 
Reciprocal effect 3685 
_ 6325 
3685 


= 569 (very reliable) 


Between test-specimens 


Reciprocal effect 


= 1,7 (without significance) 


TABLE 17 
EXPERIMENTAL RESULTS WITH THE INDIVIDUAL VULCANIZATES 
Degree of Sum of Mean 
Vulcanizate Deviation freedom squares square 
A lll/1 Between test-specimens 2 19,340 9,670 
Within test-specimens 47 30,020 639 
= 15*** (Poa = 5) 
A 111/2 Between test-specimens 3 1,448 
Within test-specimens 57 28,212 
F = 495 = 1,5 (F 1 = 2,4) 
A 111/3 Between test-specimens 2 2,931 
Within test-specimens 57 11,632 
1466 


Y= 004 


= 7,2*** (Foo. = 4,98) 


A 111/4 Between test-specimens 2 11,043 


Within test-specimens 5 25,841 


, 
= 12*** (Foo. = 4,98) 
Vuleanizate / VSM-la and VSM-2 less than VSM-3 
Vuleanizate / No definite differences 
Vulcanizate / VSM-la greater than VSM-3 
VSM-la and VSM-2 greater than VSM-3 


i.e., the location of rupture (see Table 11) and the mean values (see Tables 12, 
15, and 18) are given. 


oR Tensile strength, in kg. per sq. em. 
F309 = Strain modulus at 300% elongation, in kg. per sq. em. 
bn Klongation at rupture, in percentage 


173 
het 
5 
5,522 
453 
= 
2 
' 
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Location o f break 


= Between the bench marks 
Outside of the bench marks 
= Clamp break 


STATISTICAL EVALUATION OF THE RESULTS 


The mean value, spread of the individual values, the mean quadratic 
deviation of the mean value were used as a basis for the statistical evaluation. 


TABLE 18 
Moputus Data 
Average value (kg. per sq. cm.) 


Vulcanizate VSM1 VSM2 VSM3 VSM la KTA1 KTAII DIN-II ASTM-C 
A lll/1 
B 


12 
8 6 0.8 


13 
0.2 
0.4 
A 111/2 

B 

s? 36 5s 37 51 

8 6 7 
A 111/3 

B 


8 

A 111/4 
B 


8? 


All four ce 


77 
j 18 
4 


8 


TABLE 19 
DEVIATION ANALYSIS OF THE MopuLus 


Degree of Sum of Mean 
Deviation freedom squares square Test-specimen 
Between vulcanizates 3 490,366 163,455 VSM la 
Between test-specimens 2 1,706 853 VSM 2 
Reciprocal effect 6 4,854 VSM 3 


Total between groups 11 496,926 
Total within groups 218 3,876 


Total 229 500,802 


Gasca." F = is = 45 (very reliable) 


Between vulcanizates 163455 _ 
Reciprocal effect 809, 203 (very reliable) 


Between test-specimens — 853 _ 
=F= 809 1,05 (without significance) 


474 
1 
2 
: 3 
0.5 
0.7 
137 
2% 
: 5 
110 
- 35 34 47 41 53 33 54 47 
e 6 6 7 6 7 6 7 7 
5 39 40 45 43 44 44 46 43 
- | 8 4 9 14 12 14 10 9 
3 r 3 2 3 4 3 4 3 3 
s 72 73 74 77 76 
“4 24 32 22 29 20 
= 5 6 5 5 4 
3 
18 
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TABLE 20 
EXPERIMENTAL RESULTS WITH THE INDIVIDUAL VULCANIZATES 


Mean 
square 
1,5 
0,3 


Degree of Sum of 

Deviation freedom squares 

Between test-specimens 2 3 

Within test-specimens 47 14 
1 

F= 03 = 5*** (Foo, = 4.98) 


Vulcanizate 


A lll/1 


A 111/2 Between test-specimens 


Within test-specimens 
2402 


Between test-specimens 2 
Within test-specimens 57 


F = me = 19*** (Foo. = 4,98) 
Between test-specimens 2 
Within test-specimens 57 


F = = 12*** (Fy 5, = 4,98) 


2,402 
57 18 
133*** (Fo,01 = 4,98) 


A 1117/3 


A 


Vulcanizate A 111/1 
Vulcanizate A 111/2 
Vulcanizate A 111/3 
Vulcanizate A 111/4 


No certain differences 

VSM-la and VSM-2 less than VSM-3 
VSM-la and VSM-2 less than VSM-3 
VSM-2 less than VSM-3 


Fie. 1.—Dimensions of test-specimens with rounded shoulders. 


Vulcanizate R 


VSM 1 85405 | 44005 | 10405 |. 


VSM 2 
VSM 3 
VSM la 
ASTM-C 


12.5 +0.5 
25 +1 
8.5 +05 

25.4 


4 + 0.05 
6+04 
-0 

3 + 0.05 
6.35 + 0.025 


12.5 + 0.5 
2541 
8+05 
25.4 


7.2405 
14.3 


D 412-41 


Test- 
speci- 
men 


KTA-I 
KTA-II 
DIN-II 


85 14 
70 14 
120 +0.2)15 +0.2/25 


Fia. 2.—Dimensions of test-specimens with 
angular shoulders. 


475 te 

1,541 770 

2,327 41 

211 106 

506 9 

| 

r e Lo 
75+05 | 8 10 

75 | 25 8+05 | 125 | 20 x 

115 | 3341 14405 | 15 25 . 

| 25.4 17.5 | 20 

| 
| 

\3 40)12.5)15 

25/11 |10 
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Kia. 3,—Pure-gum vulcanizate; test-specimen VSM-1. 


In order to reduce the number of operations involved in the calculations, the 
results of the measurements along and across the direction of milling are re- 
corded together. 

Even a superficial comparison of the individual results obtained with the 
loaded mixtures, viz., A 111/2-A 111/4, shows that there was a statistically 
certain difference between the results of measurements along and across the 
direction of milling. This made us realize that, by combining the measure- 
ments, the spread within the groups was artificially increased, and the sensitiv- 


a 
<< 
<i 
i 


Fig. 4.—Pure-gum vulcanizate ; test-specimen Fig. 5.-Pure-gum vulcanizate ; test-specimen 


SM-2. 
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Lengthwise TOSS WISE 
= 
3 
: 
' Lengthwise Croaswise 
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<i 
E> 


Fig. 6.—Pure-gum vulcanizate; test-specimen Fig. 7.—Pure-gum vulcanizate; test-specimen 
KTA-I 


ity of the statistical analysis thereby diminished. Notwithstanding this, 
satisfactorily reliable results were obtained. 


= value of a single measurement 
number of individual measurements 
n-1 degree of freedom 
mean value 
mean value of tensile strength 
mean value of elongation at rupture 
mean value of strain modulus 


= mean value of tensile strengths of | 


of a particular vulcanizate and 
particular test-specimen 


all four vuleanizates 
mean value of elongations at rupture of f 
all four vuleanizates 
mean value of strain moduli of all 
four vuleanizates 
= spread of the individual values 
mean quadratic deviation of an 
individual value 


a particular test-specimen 


Xx; 
M = 
n 
= very reliable 
satisfactorily reliable 
= probably unreliable 


The test-specimen VSM-1 for vulcanizate A 111/1 broke in the clamp in 
every case, and therefore gave no value which could be interpreted. It was, 
consequently, discarded and no more tests were made with it. Nevertheless 
the faulty results were calculated by the method described by Brownlee’, in 
order to be able to compare the mean value. Instead, the results of the same 
long test-specimen VSM-1a, together with those of test-specimens VSM-2 and 
VSM-3, were analyzed for the deviation of the results. In this connection, the 
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Xx, 
n 

M 

B 
v 
ton 

> (X; — M)? 

> 

n— 1 

** 
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meng! 


Fic. 8.—Pure-gum vulcanizate; test-specimen 9.—Pure-gum vulcanizate; test-specimen 
KTA-IL. DIN-II. 


assumption that the deviations (S*) for the different types of test-specimens 
being compared should be of approximately the same magnitude did not, un- 
fortunately, turn out to be true. In spite of this, we believe that the results 
obtained in the work are sufficiently reliable to warrant certain definite con- 
clusions. 

The purpose of the deviation analysis was to establish to what extent the 
differences between the mean values in comparison with the normal experi- 
mental deviations can be regarded as statistically certain. In other words, we 


Fie. 10.—Pure-gum vulcanizate; test-specimen ASTM-C. 
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wise 

Lengthwise Crossnise 
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wished to know whether, with the three types of test-specimens studied, statisti- 
cally identical results within the normal deviations could be expected, and, 
therefore, whether the type of test-specimen plays any part in the measure- 
ments. 

It was, then, necessary to study the “reciprocal effect’? with respect to the 
deviation within types. To this end recourse must be had to the Fisher F test: 


When ¢: = 6 and ¢» = 218, the F value of 1 per cent is 2.8. Accordingly 
the reciprocal effect must be regarded as possessing a high degree of reliability, 
and can not be related to the deviation within types. This means that the 
influence of the type of test-specimen is not the same for the four types of vul- 
canizates. It was necessary, therefore, to study the influence of the type of 
test-specimen and that of the type of mixture on the reciprocal effect, or else to 
study each individual type of mixture separately. 


With respect to the test-specimens: F = 4077 3.6. This value is reli- 
327 
able to only about 9 per cent, and therefore is practically meaningless. 
With respect to the type of mixture: F = ——— 723, and is, therefore, 


from a practical viewpoint, completely reliable. 

On the other hand, if each type of mixture is considered separately, the 
results recorded in Table 14 are obtained. 

The data in Table 14 show that considerable differences between the differ- 
ent types of test-specimens are to be expected with the majority of the mixtures. 
In order to ascertain wherein these differences lie, a “‘test’? was applied. In 
this test, a difference is of significance only if it is greater than: 

V2 


Vn 


On this basis, we can conclude that: 


Vulcanizate A 111/1 VSM is lower than VSM-3 
Vuleanizate A 111/2 VSM-la and VSM-2 lower than VSM-3 
Vuleanizate A 111/: VSM-2 lower than VSM-3 
Vuleanizate A 111/4 VSM-2 lower than VSM-3 


CONCLUSIONS 


The small test-specimen of the VSM-1 type should not be used for measur- 
ing the tensile properties of pure-gum vulcanizates; instead, the VSM-la type 
of test-specimen should be used for such vulcanizates. 

Results obtained with the different types of test-specimen differ greatly ; 
hence, in reporting the results of any tests of this kind, the type of test-specimen 
used should be stated, and only results obtained with one particular type of 
test-specimen should be compared. For example, substitution of the VSM-2 
type of test-specimen by the KTA-II type of test-specimen, which is of approx- 
mately the same size, unfortunately does not result in any better agreement. 

Based on these differences, which in the case of natural rubber have been 
found to vary from one type of vulcanizate to another, it is natural to expect 
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corresponding unpredictable differences with various synthetic elastomers. 
The determination of stress-strain properties of soft rubber vulcanizates is, 
therefore, fundamentally a problem of agreement on methods of testing, 7.e., of 
standardization. 
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DETERMINATION OF PARTICLE SIZE IN LATEX * 


E. G. CockKBAIN 


Brivish Russer Propucers’ Reskarcn AssociaTion, Trewin Roapv, GARDEN Crry, 
HERTSFORDSHIRE, ENGLAND 


INTRODUCTION 


Soap titration methods for determining average particle sizes of synthetic 
latexes have been used by a number of workers'. In all cases, the latex (after 
dilution if necessary) is titrated with a solution of the same soap as that already 
present as stabilizer, the end point being the onset of soap micelle formation in 
the aqueous phase. This occurs, of course, at the critical micellar concentration 
(c.m.c.) for the soap, and several well-known methods for determining the 
c.m.c. have been used? for detecting the end point of the titration. Knowing 
the e.m.ec. and the total amount of soap in the latex at the titration end point, 
the quantity of soap adsorbed at the rubber-water interface is found by differ- 
ence. By assigning a molecular area to the adsorbed soap, the area of rubber- 
water interface and an average particle diameter can be calculated. 

In applying the method to natural rubber latex, difficulties arise because of 
the complex composition of the latex. Thus, inorganic salts and possibly other 
nonrubber components are present in the serum in quantities sufficient to 
affect significantly the ¢.m.c. of an added soap and, hence, the end point of the 
titration. This difficulty can be overcome by means of a suitable control ex- 
periment (vide infra). More important is the fact that the rubber particles in 
ammoniated latex are stabilized by a film of proteins and fatty acid soap (and 
probably small amounts of other materials), the composition and concentration 
of which are seldom known at all accurately. In the modified titration 
method described below, this difficulty is met by titrating the latex with 
sodium dodecyl sulfate at a pH value at which the interfacial activity of the 
dodecyl] sulfate is high, while that of the fatty acid soaps and proteins is rela- 
tively low. By analogy with measurements made at the xylene-water inter- 
face*, the dodecyl sulfate should be preferentially adsorbed at pH values less 
than about 8.0. 

EXPERIMENTAL METHOD 


To determine the amount of sodium dodecyl sulfate adsorbed per unit 
volume of rubber in a given latex sample, a series of mixtures was prepared from 
equal weights of the latex by addition of aqueous solutions of sodium dodeey! 
sulfate, polyvinyl aleohol (present as creaming agent) and acetie acid, in that 
order, the volume of the mixtures being adjusted by addition of distilled water 
to give the same final DRC, e.g., 20 per cent. The amount of polyvinyl! alco- 
hol and acetic acid used was the same for each mixture, the quantity of acetic 
acid being sufficient to give a final pH value of 6.0 + 0.2. The amount of 
polyvinyl aleohol added should be sufficient to produce a clear, or almost clear 
rubber-free serum on allowing the mixture to cream. 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 28, No. 6, pages 297 -302, 
December 1952. 
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The amounts of sodium dodecyl] sulfate in the mixtures range from quanti- 
ties insufficient to cover the rubber particles with a complete monolayer, in 
which case the dodecyl sulfate in the serum phase will be present as individual 
molecules, to quantities substantially in excess of that required to cover the 
particles completely, when most of the detergent in the serum will exist as 
micelles. If the amount of dodecyl sulfate present is unduly small, 7.e., less 
than about 70 per cent of that required to form a complete monolayer, the 
latex is liable to flocculate on addition of the acetic acid solution; this often 
serves as a rough indication of the end point. An important precaution to 
observe in preparing the mixtures is to add the aqueous acetic acid (5 to 10 per 
cent strength) slowly, with efficient stirring of the mixture. With each series 
of mixtures, a control preparation is usually included, in which the sodium 
dodecyl! sulfate and acetic acid are omitted. 

After allowing the mixtures to cream until a suitable quantity of serum has 
separated, all the sera (excluding the control) are tested for the presence of 
detergent micelles. A colorimetric test has been found convenient, using a 
dilute solution of pinacyanol bromide as indicator. Essentially the same 
method (spectral dye method) has been used by Klevens*‘ for studying the 
particle sizes of synthetic latexes. The presence of detergent micelles in the 
sera causes a color change from violet to blue. In distilled water this change 
occurs at a sodium dodecyl sulfate concentration of 0.2 per cent, 7.¢., the normal 
c.m.c., but owing to the presence of salts ete., the color change in a clear latex 
serum at pH 6.0 usually occurs at a concentration of approximately 0.04 per 
cent of sodium dodecyl sulfate. To find this critical concentration accurately, 
aliquots of the clear serum from the control experiment are mixed with different 
amounts of dodecyl sulfate and adjusted to pH 6.0 with acetic acid solution; 
the required critical concentration is then determined with pinacyanol bromide 
solution. Since the color change occurs over a range (even though a small 
range) of dodecyl sulfate concentration, it is necessary to match approximately 
the colors of the experimental mixtures with those of the aliquots of the control 
in order to obtain accurate results. This matching usually requires the prep- 
raation of a second series of mixtures, in which the total dodecyl! sulfate con- 
centration differs by small increments only, 7.¢., less than 10 per cent. The 
color change at the end point does not occur instantaneously in latex serum, 
and it is advisable to allow all solutions to age for approximately 1 hour, after 
addition of the dye, before matching colors. A typical example of a particle 
size determination by the above method is given in Appendix 1. 


MOLECULAR ADSORPTION AREA FOR SODIUM DODECYL SULFATE 


Until recently, authors' have assumed that the molecular area of a normal 
paraffin chain soap adsorbed at a synthetic rubber—water interface approxi- 
mates either to that of a close packed insoluble monolayer (21 A?) or to the 
cross-sectional area of the molecules in soap micelles (28 A*). However, ex- 
perimental determinations of the molecular areas of sodium dodecyl sulfate 
and potassium myristate adsorbed from aqueous solution at the ¢.m.c. on to a 
graphite surface have been obtained by Corrin and coworkers? the surface area 
of the graphite being determined by nitrogen adsorption. Values of 68.3 A? 
for sodium dodecy] sulfate and 56 A?® for potassium myristate were found. 
From interfacial tension measurements at the decane-water interface, Cockbain 
and Me Mullen‘ obtained a molecular adsorption area (at the c.m.c.) of 49 A? for 
sodium dodecyl sulfate, as calculated from the Gibbs adsorption equation. 
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By comparing soap titration results with electron microscope data, Willson, 
Miller and Rowe’ obtained an area of 59 A* for potassium myristate adsorbed on 
synthetic rubber particles. In the present work a molecular adsorption area 
of 60 A* has been assumed for sodium dodecyl! sulfate, when adsorbed from a 
solution at the c.m.c. 


CALCULATION OF SPECIFIC SURFACE AREA AND 
AVERAGE PARTICLE DIAMETER 


The specific surface area (S), in sq. em., of the rubber, 7.e., the average 
surface area per cc. of rubber, is obtained from the equation : 


m No 


~ VM 10" 


where m = grams of sodium dodecyl sulfate adsorbed by V cc. of rubber 
M = molecular weight of sodium dodecyl sulfate 
N = Avogardo’s number 
o = molecular adsorption area of sodium dodecyl] sulfate in A* 
The area S may be expressed in terms of the volume-surface average diam- 
eter (d,,) of the particles, where d,, is the ratio of the cube of the volume aver- 
age diameter to the square of the surface average diameter. 


Thus: 


S (1) 


Dn,d,3 


Hence: 


where = total number of particles 
total volume of particles 
= total surface area of particles 
volume average diameter 
surface average diameter 
= volume-surface average diameter 


RESULTS AND DISCUSSION 


Table 1 gives the average specific surface area and the volume-surface aver- 
age diameter of the following latexes, all of which were preserved with ammonia. 


Latex 1. Centrifuged concentrate A (DRC 60 per cent) 

Latex 2. Centrifuged concentrate B (DRC 60 per cent) 

Latex 3. Latex 2 purified by creamin 

Latex 4. Centrifuged concentrate (DRC 61.7 per cent) i Junlop Rubber 
Latex 5. Electrodecanted concentrate (DRC 60.6 per cent) f Company Ltd. 
Latex 6. Field latex (DRC 40.5 per cent) 

Latex 7. Field latex, clone G.1 (DRC 33.6 per cent) 

Latex 8. Field latex, clone PB.84 (DRC 29 per cent) 

Latex 9. Centrifuge skim (total solids = 8.7 per cent) concentrated by creaming. 
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Latexes | and 2 were two different commercial samples. Latex 3 was 
prepared by creaming latex 2 with polyvinyl alcohol solution (sufficient to give 
a clear serum) so that the original serum components were diluted 17 times. 
The results with latexes 2 and 3 agree sufficiently well to show that large varia- 
tions in the concentration of natural serum components do not affect appreci- 
ably the accuracy of the method. Samples 4 and 5 were kindly provided by 
the Dunlop Rubber Company, Ltd.; these two latexes were prepared from the 
same field latex, but were concentrated by different processes, as described 
above. Latex 6 was of unknown orign, but corresponded fairly closely in 
average particle size to the PB.84 latex. The Glenshiel 1 latex was of relatively 
large particle size. In general, the particle sizes are in the sequence which 
would be expected from the methods of treating the original field latexes, and 
it seems safe to conclude that this method gives reliable relative surface areas. 

The most direct test of the validity of the method in an absolute sense 
involves comparison of the result with particle sizes determined directly by 
means of an electron microscope. Preliminary measurements’ of this kind were 


made on latex 7. Our analysis of these electron micrographs indicates that the 


TABLE 1 


PartTicLe Size Data ror AMMONIA PRESERVED LATEXES 


Volume- 


Detergent surface 
: adsorbed Specific average 
é per ce. surface diameter 
rubber area(s) (dva) in 
Latex (mg. ) (em?) microns 
6.6 8.3 X 10! 0.72 
2 9.5 11.9 10' 0.51 
3 8.9 10' 0.54 
4 6.4 10% 0.75 
5 11.1 10! 0.43 
6 15.0 18.9 10' 0.32 
7 10.2 12.9 x 10° 0.46 
8 16.1 20.4 10° 0.29 


42.2 52 X10' 0.12 


true specific surface area for this latex was probably slightly less than the value 
of 8 given in Table 1. Further comparisons with electron microscope data are 
required, however, before attempting to assess the absolute accuracy of the 
soap titration method. 
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APPENDIX 
DETERMINATION OF SPECIFIC SURFACE AREA(S) OF 
CENTRIFUGED LATEX (DRC 60.0 PER CENT) 


Four samples of the latex (of density 0.95), each weighing 20.0 grams, were 
taken, and to each sample was added, with mechanical stirring, a different 
volume of a 2.0 per cent solution (w/v) of pure sodium dodecy! sulfate’, viz. (a) 
3.0 ec.; (b) 5.0 ml., (ce) 7.0 ml., (d) 9.0 ml. To each sample was then added 
25.0 ml. of 4 per cent polyvinyl alcohol solution followed by 9.5 ml. of 5 per 
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cent acetic acid; the latter was added slowly with efficient stirring. The 
volume of each sample was finally made up to 65.0 ml. with distilled water, the 
volume of the 20.0 gm. of latex being known from an approximate density 
determination. The pH of samples (a) and (d) was checked with a glass 
electrode to confirm that the pH was 6.0 + 0.2. The samples were allowed to 
cream for 24 hours in separating funnels. 

To 5.0 ml. of the clear serum from each sample, 0.3 ml. of a 0.005 per cent 
solution of pinacyanol bromide in water was added and the 4 samples were 
then allowed to stand for | hour. The change in color from violet to blue oc- 
curred between samples (b) and (ce). 

Another series of mixtures was therefore prepared, exactly as above, contain- 
ing (f) 5.0 ec., (g) 5.4 ec., (A) 5.8 ec., (¢) 6.2 ce., (7) 6.6 ce., and (k) 7.0 ce., of 
2.0 per cent sodium dodecyl sulfate solution. A blank sample (1) was also 
prepared, containing 40 grams latex, 50 ec. of 4 per cent polyvinyl alcohol 
solution, and 40 ec. distilled water. All samples were allowed to cream for 24 
hours (the volume of the polyvinyl aleohol solution in sample (1) can be in- 
creased at the expense of the distilled water if it is evident that an almost clear 
serum is not being obtained). 

To 5.0 ec. portions of the almost clear serum from the blank experiment, 
0.06, 0.08, 0.10, 0.12, 0.14, and 0.16 ce. of 2.0 per cent sodium dodecyl sulfate 
solution were added. The pH of each was then reduced to 6.0 X 0.2 by addi- 
tion of about 0.2 ec. of 25 per cent acetic acid, followed by the addition of 0.3 
ec. of a 0.005 per cent solution of pinacyanol bromide (more reproducible results 
are obtained if the dye solution is freshly prepared, 7.e., not more than about 
24 hours old). At the same time, so far as practicable, 5.0 ec. aliquots of the 
clear serum from each of the samples (f) to (k) were taken, and 0.3 ce. of the 
same pinacyanol bromide solution was added. All aliquots were then allowed 
to stand | hour. 

The maximum color change in the aliquots from the blank experiment (1) 
occurred between 0.10 and 0.14 ee. of the added dodecyl sulfate solution. 

critical micellar concentration of the dodecyl sulfate in the acidified 


0.12 


serum of sample (1) = <-— X 2.0 per cent = 0.04 per cent. The correspond- 
5 | 


ing color change in the aliquots from samples (f) to (k) occurred in sample (g). 
The titration end point was, therefore, taken as 5.4 ec. of 2.0 per cent sodium 
dodecyl! sulfate. 


CALCULATION OF SPECIFIC SURFACE AREA(S) 


In all experiments, the density of the rubber particles is taken as 0.91, 

12.0 

0.91 

.. Composition of sample (g) = 13.2 ec. rubber (v) + (65.0 — 13.2) ce. of 
aqueous phase. 


Hence, 20.0 grams latex (60.0 per cent DRC) contain = 13.2 ec. rubber. 


2.0 x 5.4 


Wt. of sodium dodecyl sulfate added at titration end point = 


0.04 
of which 700 x 51.8 g. = 0.021 g. remain in the aqueous phase. 
. Wt. of dodecyl sulfate adsorbed (m) = 0.108 — 0.021 


= 0.087 g. 
Thus, if M = molecular weight (288) of sodium dodecyl sulfate, N = Avogad- 
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ro’s number and o = molecular adsorption area of the detergent, assumed to 
be 60A?, the surface area S per cc. of rubber is given by: 


No 0. O87 x 6 ).06 x 60 
MV 10% 13.2 288 10" 


S = 
8.3 & 104em.? 


SUMMARY 


The soap titration method of determining average particle sizes in synthetic 
latexes has been modified so as to make it applicable to natural rubber latexes. 

The method consists essentially in determining the distribution of an added 
detergent (sodium dodecyl] sulfate) between the rubber and aqueous phases 
at a pH of approximately 6.0, the total dodecyl sulfate concentration being 
just sufficient for the formation of micelles in the aqueous phase. The average 
particle sizes of nine ammoniated latexes have been measured, including 
centrifuged and electrodecanted concentrates, two clonal field latexes and a 
sample of latex skim. 
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PREPARING CRUDE RUBBER TEST-SPECIMENS FOR 
OXYGEN-ABSORPTION MEASUREMENTS * 


WILLIAM J. GowANns 


Narura, Rusper Researcu STation, CALIFORNIA 


Recent investigations' have shown the advantages of using a volumetric 
oxygen-absorption apparatus for accelerated aging tests on crude rubber. 
Current work in this laboratory has confirmed the advantages of this apparatus 
as a rapid means for determining the storage stability of a given crude rubber 
stock. Unfortunately, crude rubber test-specimens cannot be placed in the 
oxygen-absorption apparatus in the same manner as can test-specimens of vul- 
canizates. The tendency of crude rubber to flow, particularly during the more 
advanced stages of oxidation, may cause errors in oxygen-absorption measure- 
ments by limiting the diffusion of oxygen into the test-specimen. For this 
reason it was necessary to devise a method of preparing rubber test-specimens 
for oxygen-absorption measurements which is applicable to crude rubber. 

Test-specimens of crude rubber suitable for oxygen-absorption measure- 
ments can be readily prepared with the aid of an aluminum mold and a vul- 
canizing press. The method of pressing the crude rubber into a sheet from 
which the specimens are taken is a slight modification of that used by McPher- 
son and Cummings? in preparing samples for refractive-index measurements. 

Oxygen-absorption data were obtained in an apparatus similar to the one 
described by Shelton and Winn*. The results indicate several important ad- 
vantages of the present hot-press method of sample preparation, compared 
with the test tube-film method used by Glazer and coworkers‘ in preparing 
crude GR-S samples for oxygen-absorption studies. 


EXPERIMENTAL 


The mold used for pressing the crude rubber consisted of three pieces each 
12 inches square, cut from 20-gage sheet aluminum. One piece had an 8-inch 
square opening which constituted the mold cavity when placed between the 
other two pieces. Approximately 35 grams of crude rubber was placed in the 
cavity, and the mold was held in a laboratory steam-vulcanizing press for 10 
minutes at 287° F. This method produced a smooth sheet of uniform thick- 
ness. Then minutes were found necessary to ensure complete flow of the 
guayule and Hevea rubber samples used thus far. Antioxidants or other ad- 
ditives, which are to be investigated for their effects on oxygen absorption, can 
be milled into the rubber on compounding rolls immediately before the pressing 
step. Milling guayvle rubber for as !ong as 10 minutes nad no apparent effect 
on the rate of oxygen absorption. 

Duplicate test-specimens were cut from the pressed rubber sheet with the 
aid of a 1.25 X 3.25 inch template, and weighed. Test-specimens prepared by 
the above method weigh between 2 and 3 grams and are approximately 0.040 


* Reprinted from Analytical Chemistry, Vol. 24, No. 10, pages 1648-1649, October 1952. 
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inch thick. Each specimen was enclosed in a 30-mesh siainless steel envelope, 
tied securely in place with stainless steel wire, as shown in Figure 1, and placed 
in the oxygen-absorption unit. This means of supporting the samp'e prevents 
the rubber from flowing until late in the autocatalytic stage of oxidation. The 
screen is easily cleaned by boiling in nitric acid. 

Test-specimens having a thickness in the range of 0.010 to 0.020 inch may 
be more readily prepared without use of the press. The desired thickness in 
this range may be obtained by simply passing about 5 grams of the rubber 
sample twice through closely set rolls of a 4 X 9 inch laboratory mill. With 


hic. 1.--Method of supporting test-specimen in a stainless steel screen envelope. 


the aid of the template the test-specimen is easily obtained from the sheeted 
sample. 
DISCUSSION 


Use of the stainless steel envelope proved to be very effective in preventing 
sample flow during all but the late stage of autocatalytie oxidation. The 
sereen itself did not appear to affect the rate of oxygen absorption, since prac- 
tically identical oxygen-absorption curves were obtained on a specimen tested 
with and without the screen envelope. In making the above comparison, a 
sample was selected which was sufficiently stable against flow when tested over 
that portion of the oxygen-absorption range normally used for antioxidant 
studies. 

Figure 2 shows how the method of sample preparation affects the rate of 
oxygen absorption of a typical test-specimen of guayule rubber. Each oxygen- 
absorption curve represents a different method of sample preparation. From 
Figure 2 it appears that the test-specimen prepared by the test tube-film 
method of Glazer, Parks, Cole, and D’Ianni* shows the most rapid rate of 
oxygen absorption. The method used to prepare the test tube-film specimen 
appears to be the primary cause for the rapid rate of oxygen absorption. 
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Although the test-tube film has a thickness of 0.004 inch, compared to an 
equivalent thickness of 0.009 inch for the other test specimens of Figure 2, the 
author does not believe that this difference in thickness accounts for the differ- 
ences shown in the rate of oxygen absorption. Test-specimens having a thick- 
ness in the range of 0.004 to 0.009 inch are believed to be free from diffusion 
limitations. Blum, Shelton, and Winn® reported that Hevea gum-vulcanizates 
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Fic. 2..-Effect of method of sample preparation on rate of oxygen absorption. 70° C, 760 mim. 


(0.028 inch thick were free from diffusion limitations when tested at 70° C and 
760 mm. 

Dissolving a rubber sample in benzene and recasting it as a film according 
to Glazer, Parks, Cole, and D’Ianni* appears to increase the rate of oxygen 
absorption of test-specimens prepared in this laboratory. Precautions were 
taken in the preparation of these specimens to guard against light and oxygen. 
However, possibly other types of crude rubber specimens can be prepared by 
this method without influencing the rate of oxygen absorption. For the test- 
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specimen which was dissolved in benzene, dried, and pressed on the hot press, 
there exists again the possibility that the rate of oxygen absorption is increased 
by dissolving the sample in benzene. 

The preparation of a test-specimen by the hot-press method (142° C) does 
not appear to affect the rate of oxygen absorption significantly, compared to 
the rates of oxygen absorption of test-specimens prepared by the cold-press 
method (50° C) and the milled-sheet method. However, Morgan and Naun- 
ton® and later van Amerongen’ observed, that, when light-induced peroxides 
present in vuleanizates were destroyed by heat, a significant decrease in the rate 
of oxygen absorption was noted. The heat (142° C) of the hot-press method 
of preparing test-specimens could possibly produce a recurrence of this phe- 
nomenon, if there were peroxides present in sufficient quantity in the original 
rubber sample. This phenomenon has not been observed in any of the crude- 
rubber test-specimens tested thus far. 

The hot-press method of sample preparation appears to have the following 
advantages over the test tube-film method: 


1. In evaluating the effects of antioxidants, the content of an added antioxi- 
dant is believed to be more precisely known, since the antioxidant is milled 
directly into the sample before pressing. Also, the procedure appears to pre- 
sent a minimum of opportunity for oxidation to take place before the sample is 
placed under test. 

2. No special techniques of sample preparation are required. It is not 
necessary to use a solvent, with the accompanying difficulties of dissolving the 
rubber, followed by casting and drying a film. A sample of any desired thick- 


ness can readily be obtained simply by varying the mold cavity thickness. 


Although Figure 2 shows no significant difference in rates of oxygen absorp- 
tion by test-specimens prepared by the cold-press method (50° C) and speci- 
mens prepared by the hot-press method (142° C), the hot-press method appears 
to be preferable. The rubber sample used to obtain the data of Figure 2 had a 
Mooney viscosity of 70, which is relatively low, but enabled it to be pressed 
adequately at 50° C. It requires a much higher temperature, however, to 
press, adequately, crude rubber samples possessing a Mooney viscosity of 90 to 
100. This fact, plus its convenience, recommends the hot vulcanizing press 
(142° C) for the pressing of crude rubber samples. If prior mastication is not 
objectionable, high viscosity rubbers can be masticated to viscosities adaptable 
for cold pressing (50° C). 
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OZONE RESISTANCE OF NEOPRENE VULCANIZATES 
EFFECT OF COMPOUNDING INGREDIENTS 


D. C. THompson, R. H. Baker, AND R. W. BrowNLow 


Rusper Lasorarory, I. Du Pont pe Nemours & Co., Inc., DELAWARE 


RuspBerR CHEMISTRY AND TECHNOLOGY, October-December 1952, pages 
928-944, contains a paper entitled “Ozone Resistance of Neoprene Vulcani- 
zates. Effect of Compounding Ingredients’, by D. C. Thompson, R. H. Baker, 
and R. W. Brownlow. 

Figure 2, showing the effect of conditioning, is incorrect as printed. The 
six photographs are lettered in the wrong order, i.e., the photographs should be 
designated consecutively downward in the order, F, E, D, C, B, A. 

This incorrect lettering makes the photographs erroneously show the exact 
opposite of the actual effect of conditioning. 

The photographs are correctly designated in the original version in Industrial 
and Engineering Chemistry, Vol. 44, No. 4, pages 850-856, April 1952. 
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More developments using 


B. F. Goodrich Chemical -2w materials 


B. F. Goodrich Chemucal Company does not make these products. 
We supply the Hycar rubber only, 


ON AIRCRAFT, OIL WELL 
AND ELECTRICAL JOBS 


... versatile Hycar scores high ! 


| oprane at the three typical uses of Hycar pic- 
tured. They show the wide range of applica- 
tions for this versatile American rubber. And they 
also show how Hycar helps improve products 
and operations—save money. 

The carburetor gasket is used on a Navy heli- 
copter. Hycar bonds the asbestos fibers of the 
gasket, helps seal power in—keep trouble oat. 
Hycar resists heat, oil, solvents and retains its 
high tensile strength. It helps make the gasket 
non-absorbing, non-swelling and non-cracking. 


The Hycar rubber ‘‘O”' ring seal is one of many 
uses for Hycar in the petroleum industry. It’s 
used on a powerful pump designed for jet bit, 
big hole and deep drilling. The Hycar ‘‘O”’ ring 
seals tightly, resists abrasion and the hydrocar- 
bons entrained in the drilling fluid. 

On the volt-ammeter, the trigger is made with a 
Hycar rubber-phenolic compound. Breakage under 
sudden pressure which used to plague rag-filled 
phenolic triggers has been reduced almost to zero. 


Hycars many advantages may be the perfect 
answer to your product improvement or develop- 
ment problems—and your sales plans. We'll 
help you select a Hycar rubber compound ex- 
actly suited to your needs. For technical informa- 
tion, please write Dept. HD-2, B. F. Goodrich 
Chemical Company, Rose Building, Cleveland 
15, Ohio. Cable address: Goodchemco. In Can- 
ada: Kitchener, Ontario, 


B. F. Goodrich Chemical Company 
A Division of The B. F. Goodrich Company 


Hycar 


GEON polyvinyl materials * HYCAR American rubber * GOOD-RITE chemicals and plasticizers * HARMON colors 
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During more than 50 years, Scott Testers* termi- 
nology has become the Rubber Industry’s universal 
language, permitting world-wide discussion and assur- 
ance of dependable and reproducible values. 


*Registered Trademark 


SCOTT TESTERS, ING. 


102 Blackstone St. 
Providence, R. I. 


“Scott Tensile 

oul 

44 

/ 

“ts. 

ce ‘ 

yaan 

ath 

/ | 

/ 

/ 

“it / 

d 

/ 

gebo* 

21 


ACCELERATORS 
PLASTICIZERS 
ANTIOXIDANTS 
wt Complole 


@ AKRON, OHIO e LOS ANGELES, CALIF. © CHICAGO, ILL. e NEWARK, N. J. 


STAMFORD “FACTICE” 
VULCANIZED OIL 


(Reg. U. 8. Pat. Off.) 


Our products are engineered to fill every need in 
natural and synthetic rubber compounding wherever the use of vulcanized 
oil is indicat 
We point with Ae not only to a complete line of solid Brown, White, 
“‘Neophax” and “‘Amberex’ es but also to our aqu>ous dispersions and 
hydrocarbon solutions of ‘‘Factice’’ for use in their appropriate compounds. 


Continuing research and development in our laboratory and rigid produc- 
tion control has made us the leader in this field. 


The services of our laboratory are at your disposal in solving your com- 
pounding problems. 


THE STAMFORD RUBBER SUPPLY COMPANY 


STAMFORD, CONNECTICUT 


Manufacturers of “Factice” Brand Vulcanized Oil 
Since 1900 


: 
: 
: 
: 
THE STAMFORD RUBBER SUPPLY 
a, 
rit 


Now Available— 


Second Edition of 


LATEX INDUSTRY 


By ROYCE J. NOBLE, Ph.D. 


The first edition of this valuable book was published 
in 1936 and has been out of print for many years. 
Accordingly, the publication of a completely revised 
and enlarged edition is weleome news to the thous- 
ands of users of rubber latex who have been seeking 
an up-to-the-minute text book. 


The author has kept posted on every phase of the 
latex industry since the first edition and has incor- 
porated in the new edition complete details on all 
current uses of this versatile material. The book is 
replete with illustrations, charts, formulas and full 
descriptions of the various processes in use today. 


920 Pages (approx.) 6xQInches 25 Chapters 
Bibliography Author Index Subject Index 


PRICE: $15.00 Postpaid in U.S. 


$16.00 Postpaid in All Other Countries 


Published by 


RUBBER AGE 


250 West 57th St. New York 19, N. Y. 
CAM SCAM INCA SCAR 
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Columbia-Southern is now 

making available to the rubber 

industry a completely new 

product designed to permit a 

new high in quality. This 

white reinforcing pigment is 

Hi-Sil ‘‘C’”’— a hydrated silica 

currently being manufactured 

WHITE REINFORCING on an interim plant scale. 

Columbia-Southern is ready 
PIGMEN now with sample quantities 
for evaluation purposes and 

limited commercial shipments. 

Contact the Pigment Depart- 

ment at our Pittsburgh office. 


COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 
420 DUQUESNE WAY, PITTSBURGH 22, PENNSYLVANIA 


NATIONAL COLLEGE OF 
RUBBER TECHNOLOGY 


Holloway Road, London, N.7 
The College is financed by the Ministry of Education and 


fully supported by the Industry. In addition to training for 
the Diplomas of the College, the courses offered include:— 


A.1.R.1.—Three-year full-time course. Qualification for en- 
try:—G.C.E. with Chemistry and Physics at Ad- 
vanced Level. 


ASSOCIATESHIP COURSE FOR GRADUATES— 
One-year full-time course. 


RESEARCH COURSES— 
Leading to higher degrees are provided for suit- 
ably qualified rubber technologists. 


Prospectus, giving details of Scholarships and all full-time, 
part-time and evening courses free on application. 
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Ready Now! 


MACHINERY and EQUIPMENT 
for 
RUBBER and PLASTICS 


VOLUME I 
PRIMARY MACHINERY AND EQUIPMENT 


The only book of its kind ever offered to the Rubber and Plastics 
Industries and the first to be published since Pearson’s “Rubber 
Machinery” in 1915. Compiled by Robert G. Seaman and Arthur 
M. Merrill, the present Editors of India RUBBER WORLD, with the 
cooperation of an Editorial Advisory Board of experts in their re- 
spective fields. Each chapter is preceded by an article written by 
recognized authorities on the equipment, its purposes for specific 
products, and best method of using it. 


Volume | has over 800 pages of editorial content with authorita- 
tive descriptions for each machine classification: Types, Specifica- 
tions, Design Features, Operation, and Applications, as well as 
names and addresses of the manufacturers or suppliers. More than 
300 illustrations. Cloth-bound for permanence. 


Send for free copy of complete prospectus. 


Volume |—$15.00 Postpaid in U. S. A. 
$16.00 Elsewhere 


Volume !|—Supplementary Machinery and Equipment, is now in 
preparation and will be published in the near future. 


RUBBER WORLD 


386 FOURTH AVENUE NEW YORK 16, N. Y. 
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Magnification 1500N 
Approx. Scale: 1 Micron = 1/16 in, 


RUBBER 
PRODUCTS 


ST. JOSEPH 
LEAD COMPANY 


250 PARK AVE. 
NEW YORK CITY 17 


Pleat & Leb y: Menace (Joseph ) Pe. 


Particle Size Distribution 


In the group of St. Joe fast curing zinc oxides, 

Green Label #42 has long been preferred by many 
manufacturers of high quality rubber products. 

Some of the reasons for this preference — in addition to 
its excellent activating and reinforcing properties 

— are its rapid incorporation into rubber, combined with 
ease and completeness of dispersion. 

Complete physical and chemical properties 

of St. Joe rubber grade zinc oxides are 

described in our new technical manual, 

ST. JOE ZINC OXIDES. Write for your free 
copy—on your company letterhead please. 


high qualiy 
| ST. JOE GREEN LABEL #42 
Average surtace diameter D—microny 65S We 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 


A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 


SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


RUBBER 
SUBSTITUTES 


(Vulcanized Vegetable Oils) 


Manufactured since 1903 by 


THE CARTER BELL MFG. CO. 
SPRINGFIELD NEW JERSEY 


HARWICK STANDARD CHEMICAL CO. 
Akren — Boston — Trenton — Chicage — Denver — Les Angeles 
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To the 
Rubber Industry! ~ ~ ~ 


This Journal is supported by advertising 
from leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM- 
ISTRY AND TECHNOLOGY even more valu- 


able as a convenient reference of ‘‘ Rubberana.’’ 


Specify materials from suppliers listed on 
page 32. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about 
available locations may be obtained from 
Kk. H. Krismann, Advertising Manager, Rubber 
Chemistry and Technology, c/o K. I. du Pont de 
Nemours & Company, 40 E. Buchtel Ave. at 
High Street, Akron 8, Ohio. 


WHITETEX 


A new white and bright pigment for 
rubber, synthetic rubber or plastics, 
especially vinyls. 


BUCA 


A proved pigment for compounding ALL 
types of natural and synthetic rubber. 


For compounding rubber and synthetic 
rubber. 


No. 33 CLAY 


For wire and vinyl compounding. 


For full details, write our 
Technical Service Dept. 


SOUTHERN CLAYS, INC. 


(Formerly P. W. Martin Gordon Clays, Inc.) 
33 Rector Street °- New York 6, N.Y. 
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CARBON BLACKS 


Wyex (EPC) Aromex (HAF) 

Easy Processing Channel Black High Abrasion Furnace Black 
Arrow TX (MPC) Aromex mS (SAF) 

Medium Processing Channel Blach rest a Furnace Black 
Essex (SRF) rovel ( ) 


Fast Extruding F Black 
Semi-Reinforcing Furnace Black 
Collocarb 


Modulex (HMF) 80% Carbon Black + 20% 
High Modulus Furnace Black Process Oil 


CLAYS 


+ « « High Reinforcement 
Paragon Clay. . . . « Easy Processing 
Hi-WhiteR . . . . + « White Color 
HydratexR . .°. Water Fractionated 


RUBBER CHEMICALS 
Turgum S, Natac, Butac . - « «+ Resin-Acid Softeners 
Aktone .. - « « Accelerator Activator 
Zeolex 20 . ° - Reinforcing White Pigment 


Suprex Clay . 


J. M. HUBER CORPORATION ~~ 100 Park Ave., New York 17, New York 


service 
department 


for assistance 
with your 
white 
pigmentation 


TITANOX 
TITANIUM PIGMENT the name in fugments 
CORPORATION 


Subsidiary of NATIONAL LEAD COMPANY 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


American Cyanamid Company, Calco Chemical Division . . 
American Zinc Sales Company 

Barrett Div., The, Allied Chemical & Dye Corp 

Binney & Smith Company...(Opposite Table of Contents) 18 
Cabot, Godfrey L., Inc 

Carter Bell Manufacturing Company, The 

Columbia Southern Chemical Corporation 

DuPont Polychemicals Department 

Du Pont Rubber Chemicals Division 

General Atlas Carbon Company 

Goodrich, B. F., Chemical Company 

Goodyear Tire & Rubber Company, The 

Hall, C. P. Company, The 

Harwick Standard Chemical Company 


Huber, J. M., Corporation 
India Rubber World 
Koppers Company, Inc. (Chemical Division) 
Monsanto Chemical Company 
National College of Rubber Technology 
Naugatuck Chemical Division (U. 8. Rubber Company)... 
Neville Company, The 
New Jersey Zinc Company, The (Outside Back Cover) 
Pan-American Refining Corp., Pan American Chemicals Div. 8 
Phillips Chemical Company . . (Opposite Inside Front Cover) 1 
Rare Metal Products Company 2 
Richardson, Sid Carbon Company 
Rubber Age, The 
St. Joseph Lead Company 
Sharples Chemicals, Inc 
Southern Clays, Inc 
Stamford Rubber Supply Company, The 
Sun Oil Company, Sun Petroleum Products 

(Opposite Title Page) 
Superior Zine Corporation 
Thiokol Corporation, The 
Titanium Pigment Corporation 
United Carbon Company 
Vanderbilt, R. T. Company 
Witco Chemical Company 


PaGE 
(Inside Back Cover) 


CARBON 
BLACK 


PE 


General Atlas Division 
of Cabot Carbon Company 
GODFREY L. CABOT, INC. 


FF CHRAWELIW 
2 MAS S. 
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Which 
these 
production 
problems 

costing 
you money 


Many costly production problems 
can readily be solved through the 
use of Barrett’s rubber compound- 
ing materials. We invite your use 
of Barrett’s new Applications Re- 
search Laboratory, Edgewater, New 
Jersey, in solving your particular 
problem. May we send you our 
booklet describing the complete 
equipment and services of the 
laboratory ? 


Carbonex* Rubber Compounding 
Hydrocarbon 

Bardol* Rubber Compounding Oil 

BARDOL B Rubber Compounding Oil 

Dispersing Oil 10 

CUMAR* Resin 

BRC*20 Rubber Compounding Pitch 

“BRC’30 Rubber Compounding Pitch 

BRV* Rubber Softener 

BRT*3 Rubber Reclaiming Tar 

“BRT”’4 Rubber Reclaiming Tar 

Resin “C”* Compounding Material 


1. (_] Tensile strength 
2. Heat build-up 
3. [[] Tear resistance 


[_] Crack growth resistance 


Barrett is basic 


BARRETT DIVISION 


ALLIED CHEMICAL & DYE CORPORATION 
40 RECTOR STREET, NEW YORK 6, N. Y. 


In Canada: 


The Barrett Company, Ltd., 
5551 St. Hubert St., Montreal, Que. 


“Reg. U.S. Pat. Off. 


1. 
(What’s your problem?) 
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A. COUMARON ‘INDENES/ 


HARWICK STANDARD CHEMICAL Co. 


AKRON 5, OHIO 


BRANCHES: BOSTON, TRENTON, ‘CHICAGO, LOS ANGEL 


ALL 

R U B B E 

ND IN 4 

SORTENERS. 

‘You can depend upon the Precision char- / & 

acter of Harwick Standard Chemicals ree 

’ Here is dependable assurance of uniformity ("a 2 

rubber and plastics to give certainty in PL ASTICN 
product development and production runs. 

Our services are offered in co- 

material in our line to your 


FORMULATE. 


..+ Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 

1. It is the only line having such a wide range of particle 

sizes, surface conditions and chemical compositions. 

2. Its conventional types cover the range of American 

and French Process oxides, 

3. Its exclusive types include the well-known Kadox 

and Protox brands. 

That means you need not waste time adapting a single 
Zinc Oxide to each specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. 


FORMULATE 


. Because you need to compromi 
choose from the wide variety of Horse Head Zinc Oxides. 
. .. Because the Horse Head brands can improve the 
properties of your compounds. 
ear after year, for nearly a century, more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Founded 1848 
160 Front Street, New York 7, N. Y. 
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